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Fig. 2 (continued)

% $
@\rw\ﬂ"m“‘},//‘ \‘@,‘-”';’E\”‘*«%’ e S
i )
s : l{l} jg QLM
Vot et L
oGO0 {2}
l DIPT, DIF
4H s
-
|
th




US 9,260,476 B2

Sheet 6 of 32

Feb. 16, 2016

U.S. Patent

s
“F
-

i

i
7
7
7
7
7
7
7
7
H
ke

H

SN

v

%
3
i3

%

WEA

™
3
s

e
MR




U.S. Patent Feb. 16, 2016 Sheet 7 of 32 US 9,260,476 B2

«

J— :

D -
T -

020555000,

“.

7

Sor forn ¥

2o %
¥ %
Y gl P

5

gy g g g
,‘%

-,; ,

]
15O v b

N

O
M8 e D
AN SRARSN

.

AT
LRyt



US 9,260,476 B2

Sheet 8 of 32

Feb. 16, 2016

U.S. Patent

perresse

. crnsior.
e ” 4

P
s

Aaronding

by 36 Toaalene

28

4
2

4
K



US 9,260,476 B2

Sheet 9 of 32

Feb. 16, 2016

U.S. Patent

AAAANSA SRS amaaatRs

et

F ]
'
5
"

W

. in, Ped
P s

wg s
4
-, P d
o, i o e
A nteeprregriy 2 ¢
/
£
s,
Zeren,
N -
S5tbieenert Spoes
e P ias™4
V4
%

5

-

e

e




U.S. Patent Feb. 16, 2016

Sheet 10 of 32

US 9,260,476 B2

,‘?f::”' e ""~/ g 0:«::;/'» Ry
el Y 3
N A i Nt RS
N 4. Lﬁk'ﬁ{ﬂ [ ordo ol
oo Sy HOed o . HO b e
w:-«”/”fi\} m.;_,‘, \;’g’m“‘f}’%f) s~ ﬁ\M P X[M{'y H{"&' Bac
-~ e ! - Chemrgonn fom . PR
WO T 2 HO oo g, Boo - Ty ’Mtuf N
: U N -
. Acelone/ri2G ; :
{g\/\‘.‘fﬂ (l 20 pran é\ {?}ﬂ
R Pl
T [T15 Sl ¥
Hanamyizin A 45 45
“E,
Fig. 7B
v Mg A Mo
TG oG,
gy Dt b Oy RIS
{\ {/!'SH TN N, e
g .
< el . HE swfpw
Net, HO s ”“*g} TH'»N'W 3 ETC ;.:(\—-J{': i
...... et e o
48 o M m-—»é Z - My

AP
""N

M- B

T $403°

47

4’ y
oy P
AL




US 9,260,476 B2

Sheet 11 of 32

Feb. 16, 2016

U.S. Patent

et U

re

B3

R o 1% et
el ke L% 4
AR

oo \
st aniige
k3

PO
1004
e,

4
:
W g
4

L
AR

ARRARARAARAR AR AR AR IR RARANY,

T

A

AANANRARRARARARARRARSS

% ks
7% e
w o
4%
by %
Z b

% 20

R BAEB LA PSP LB PSP Kol 4l

e



US 9,260,476 B2

Sheet 12 of 32

Feb. 16, 2016

U.S. Patent

e

eee il

4




U.S. Patent Feb. 16, 2016 Sheet 13 of 32 US 9,260,476 B2

Fig. &8

0 COUGHE™, intron 1
ZNF 8 pre-mBNA

DM 2

HCUGY, 3TUTH,
DMPE mRNA

cu{%(; C ug
uctG ye

2¥K-2 Optimal
DMt



U.S. Patent Feb. 16, 2016 Sheet 14 of 32 US 9,260,476 B2

o, 9

i

F




U.S. Patent Feb. 16, 2016 Sheet 15 of 32 US 9,260,476 B2

Fig. 10

Ron/OMig

DAY

=
A G
n
ke
[Pesd
g Eid
et MNon-D

Percantage of Fxon &

HCLGE® - 4+ o+ 3 4 4 ‘
i CompoundHuM} - - 20 2 02 10 1 01 20 10 1010



U.S. Patent Feb. 16, 2016 Sheet 16 of 32 US 9,260,476 B2
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1
RNA TARGETING COMPOUNDS AND
METHODS FOR MAKING AND USING SAME

This application is a continuation-in-part of U.S. patent
application Ser. No. 12/072,291, filed Feb. 25, 2008, which
claims the benefit of U.S. Provisional Patent Application No.
61/004,389, filed Nov. 27, 2007, and U.S. Provisional Patent
Application No. 60/903,212, filed Feb. 23, 2007, the disclo-
sures of each of which are incorporated herein by reference in
their entirety. This application is a continuation-in-part of 371
International Application PCT/US2008/002438, filed Feb.
25, 2008, which claims the benefit of U.S. Provisional Patent
Application No. 61/004,389, filed Nov. 27, 2007, and U.S.
Provisional Patent Application No. 60/903,212, filed Feb. 23,
2007, the disclosures of each of which are incorporated herein
by reference in their entirety. This application also claims the
benefit of U.S. Provisional Patent Application No. 61/723,
145, filed Nov. 6, 2012, the disclosure of which is incorpo-
rated herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention relates to methods and materials for
systematically identifying RNA-ligand interactions, and,
more particularly, to methods and materials that can be used
to identify small molecules that target particular RNA motifs.

The present application cites a number of references, some
or all of which are cited by number in square brackets. The
references thus cited are listed in a section entitled “Refer-
ences” immediately before the claims. Each reference cited in
this application, whether by number or otherwise, is hereby
incorporated in its entirety, by reference.

BACKGROUND OF THE INVENTION

RNA forms complex tertiary structures that impart diverse
functions [1, 2]. For example, RNA catalyzes reactions [3],
regulates gene expression [4, 5], encodes protein, and plays
other essential roles in biology. Therefore, RNA is an inter-
esting and important target for developing drugs or probes of
function [6, 7]. It is a vastly under-utilized target, however,
mainly because of the limited information available on RNA
ligand interactions that could facilitate rational design.

One advantage of using RNA as a drug target is that sec-
ondary structure information, which includes the motifs that
comprise an RNA, can be easily obtained from sequence by
free energy minimization [8, 9] or phylogenic comparison
[10]. RNA tertiary structures are composites of the secondary
structural motifs and the long-range contacts that form
between them. Furthermore, RNA motifs can have similar
properties both as isolated systems and as parts of larger
RNAs. For example, aminoglycoside antibiotics affect the
structure of the bacterial rRNA A-site similarly when they
bind the entire ribosome or an oligonucleotide mimic of the
bacterial rRNA A-site [11-16]. Studies on the binding of
aminoglycosides and streptamine dimers to RNA hairpins
[17-20] have facilitated the development of compounds to
combat multidrug resistance by causing plasmid incompat-
ibility [19, 20]. These results show that the identification of
RNA motifs that bind small molecules can be useful for
targeting the larger RNAs that contain them.

However, since RNA can adopt diverse structures, internal
and hairpin loops for example, an understanding of how to
target RNA with small molecules and other ligands has been
elusive.

Tlustrative methods to study and identify RNA ligand
interactions include systematic evolution of ligands by expo-
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2

nential enrichment (“SELEX™) [21, 22], structure-activity
relationships (“SAR”) by mass spectrometry (“MS”) [23-26]
and NMR [27], and chemical microarrays [28-30]. These
methods probe RNA space (SELEX) or chemical space (SAR
by MS and NMR and chemical microarrays) separately.
However, these methods do not permit a systematic study of
RNA-ligand interactions.

More recently, a method for systematically identifying
RNA-ligand interactions has been developed. The method is
described in, for example, Disney et al., “Using Selection to
Identify and Chemical Microarray to Study the RNA Internal
Loops Recognized by 6-N-Acylated Kanamycin A,” Chem-
BioChem, 8:649-656 (2007); Childs-Disney et al., “A Small
Molecule Microarray Platform to Select RNA Internal Loop-
Ligand Interactions.,” ACS Chem. Biol., 2(11):745-754
(2007) (and in the associated Supporting Information (avail-
able on the internet at http://pubs.acs.org/subscribe/journals/
acbcect/suppinfo/cb700174r/cb700174r-File003.pdf)); U.S.
patent application Ser. No. 11/998,466 of Disney et al., filed
Now. 29, 2007; and PCT Patent Application No. PCT/US07/
024,546 of Disney et al., filed Nov. 29, 2007, each of which is
hereby incorporated by reference.

While aforementioned methods identify RNA-ligand
interactions, there continues to be a need for compounds and
associated methods and materials that exploit such RNA-
ligand interactions, and the present invention is directed, in
part, to addressing this need.

SUMMARY OF THE INVENTION

The present invention relates to an RNA targeting com-
pound having the formula:

Z—N—0

QZ/
i j

wherein j is an integer from 1 to 100; each 1 is the same or
different and is zero or an integer from 1 to 100; each Z'
represents the same or different linking moiety; each R* is the
same or different and represents an alkyl group or an aryl
group; each Q" represents the same or different RNA binding
ligand; Q* is an alkyl group; Q is a halogen, an alkyl group,
an aryl group, or an amine.

The present invention also relates to an RNA targeting
compound comprising a polymer backbone and two or more
pendant RNA binding ligands, wherein said two or more
pendant RNA binding ligands are bound to said polymer
backbone.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1G are structural formulae of RNA binding
ligands that can be used in the compounds of the present
invention.

FIGS. 2 and 3A are reaction schemes for making peptoid
backbones that can be used in the preparation of various
compounds of the present invention.

FIG. 3A is a reaction scheme for making peptoid back-
bones that can be used to prepare various compounds of the
present invention.
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FIG. 3B is areaction scheme for making a compound ofthe
present invention.

FIG. 4A is a graph showing the effect of various oligo-
nucleotides on the fluorescence of a fluorescently-labeled
RNA binding ligand that can be used in the compounds of the
present invention. FIG. 4B are structures of the RNAs on
which the assays were performed.

FIG. 5 is a schematic illustrating a strategy for using com-
pounds of the present invention to inhibit muscleblind-CUG,,
interactions.

FIG. 6A is a reaction scheme showing structural formulae
of RNA binding ligands that can be used to prepare com-
pounds of the present invention and a way to convert one to
the other. FIG. 6B is a reaction scheme for making peptoid
backbones that can be used in the preparation of various
compounds of the present invention. FIG. 6C is structural
formulae of several compounds of the present invention.

FIGS.7A, 7B, and 7E are reaction schemes showing struc-
tural formulae of various RNA binding ligands that can be
used in the preparation of compounds of the present invention
and ways to convert one to another. FIG. 7C is a reaction
scheme for making peptoid backbones that can be used in the
preparation of various compounds of the present invention.
FIGS. 7D and 7F are structural formulae of several com-
pounds of the present invention.

FIG. 8 is an example of the disease mechanism for DM1
and DM2 and the strategy employed to design modularly
assembled small molecules that target the RNAs that cause
disease. A, the secondary structures of r(CCUG)** and
r(CUG)**, the causative agents of DM2 and DM, respec-
tively. The expansions bind MBNL1 protein and cause pre-
mRNA splicing defects. By using modularly assembled small
molecules, the repeats can be effectively targeted to inhibit or
displace MBNL1. B, the structures of the optimal modularly
assembled compounds that target DM2- and DM1-causing
RNAs by using a 6' acylated kanamycin A derivative as the
RNA-binding module. Previous studies have shown that
binding affinity and selectivity can be controlled such that the
compounds are specific for DM1 or DM2 RNAs by altering
the spacing between the RNA-binding modules. 2K-2 is
selective for DM1 while 2K-4 is selective for DM2.

FIG. 9 is an example of the synthetic scheme used to
provide modularly assembled small molecules that target
r(CUG)*®. The modularly assembled small molecules were
synthesized to contain a D-Arg, tag to facilitate cellular per-
meability. Bioactive peptoids contain K modules while con-
trol peptoids that have no biological activity contain N mod-
ules.

FIG. 10 is an example for assessing the bioactivity of
modularly assembled small molecules targeting r(CUG)** in
a pre-mRNA splicing defect assay. A, top, a schematic of the
¢TNT mini-gene that was used in this assay. Middle, repre-
sentative gel autoradiogram assaying improvement of ¢ TNT
pre-mRNA splicing when a cellular model system of DM1 is
treated with various compounds. Concentrations of com-
pounds correspond to the plot shown below. Bottom, plot of
the data for ¢TNT mini-gene splicing in the presence and
absence of modularly assembled compounds. 4K-2-DR,
restores pre-mRNA splicing patterns to levels observed in the
absence of r(CUG)** when cells are treated with 10 uM
compound. Modest improvement in splicing defects is
observed when cells are treated with lower concentrations of
4K-2-DR, or with 2K-2-DR,,. B, top, 2K-2-DR,, and 4K-2-
DR, do not affect the splicing of the cTNT mini-gene in the
absence of rf(CUG)***. B, bottom, 2K-2-DR,, and 4K-2-DR,,
do not affect the splicing of the PLEKHH?2 mini-gene in the
presence or absence of r(CUG)#®. The alternative splicing of
PLEKHH2 is not regulated by MBNL1.

FIG. 11 is an example for assessing the bioactivity of
modularly assembled small molecules targeting r(CUG)** in
a translational assay. Top, a schematic of the translational
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assay used to assess the effect of compounds on the DM1
translation defect. Bottom, 2K-2-DR9 and 4K-2-DR9
improve the DM1 translation defect as determined by an
increase in luciferase activity. Please note that untreated cells
have a “Percentage Increase of Luciferase Activity” value of
0.

FIG. 12 is an example of how K-2-DR,, disrupts the forma-
tion of nuclear foci in a DM1 model system as assayed by
fluorescence in situ hybridization. A, confocal microscopy
images of untreated cells that express r(CUG)**. From left to
right: DAPI fluorescence (nuclear stain), Cy3 fluorescence
(probe for r(CUG)**), and an overlay of these images. B,
confocal microscopy images of cells that express r(CUG)*#
after treatment with 4K-2-DR,, for 16 h. From right to left:
DAPI fluorescence (nuclear stain), Cy3 fluorescence (probe
for r(CUG)**), fluorescein fluorescence (uptake of 4K-2-
DR,), and an overlay of these images. The 4K-2-DR, com-
pound markedly reduces the number of nuclear foci, as
expected since the compound improves pre-mRNA splicing
and translation defects.

FIG. 13 is an example of how K-2-DR, improves pre-
mRNA splicing defects in the muscle-specific chloride ion
channel (Clenl) and sarco(endo)plasmic reticulum Ca**
ATPase 1 (Sercal/Atp2al) pre-mRNAs in a DM1 mouse
model. The DM1 mouse model expresses the human skeletal
actin (HSA) transgene containing 250 CTG repeats (HSAZ%;
where LR indicates “long repeats™). Wild type mice (WT) are
FVB mice. All dosages are in mg/kg. A, top: schematic of
Clenl alternative splicing in wild type and DM1 mice. A,
bottom: analysis of Clenl alternative splicing by RT-PCR
when mice are treated with 4K-2-DR,, including a represen-
tative gel image and a plot of the corresponding data
(p=0.0022). The three lanes under each dosage in the gel
image correspond to the results from treatment of three dif-
ferent mice. B, top: schematic of Atp2al alternative splicing
in wild type and DM1 mice. B, bottom: analysis of Atp2al
alternative splicing by RT-PCR when mice are treated with
4K-2-DR, including a representative gel image and a plot of
the corresponding data (p=0.0491). The three lanes under
each dosage in the gel image correspond to the results from
treatment of three different mice.

FIG. 14 is a representative Maldi-TOF mass spectrum of
2K-2-DRY.

FIG. 15 is a representative Maldi-TOF mass spectrum of
4K-2-DRY.

FIG. 16 is a representative Maldi-TOF mass spectrum of
2Az7-2-DRO.

FIG. 17 is a representative Maldi-TOF mass spectrum of
4A7-2-DRO.

FIG. 18 is a representative Maldi-TOF mass spectrum of
4N-2-DRY.

FIG. 19 is a representative analytical HPLC trace of 2K-2-
DRO.

FIG. 20 is a representative analytical HPLC trace of 4K-2-
DRO.

FIG. 21 is a representative analytical HPLC trace of 2Az-
2-DRO.

FIG. 22 is a representative analytical HPLC trace of 4Az-
2-DRO.

FIG. 23 is a representative analytical HPLC trace of 4N-2-
DRO.

FIG. 24 is a representative analytical HPLC trace of 2K-4-
DRO.

FIG. 25 is a representative analytical HPLC trace of 3K-4-
DRO.

FIG. 26 is a representative analytical HPLC trace of 2Az-
4-DR9.

FIG. 27 is a representative analytical HPLC trace of 3Az-
4-DR9.

FIG. 28 is a representative analytical HPLC trace of 2N-4-
DRO.

FIG. 29 is a representative IC;,, Plot for 2K-2-DR9.
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. 30 is a representative IC;,, Plot for 4K-2-DR9.

. 31 is a representative IC, Plot for 4N-2-DR9.

. 32 is a representative IC;,, Plot for 4Az-2-DR9.

. 33 is a representative IC;,, Plot for 2K-4.

. 34 is a representative 1C,, Plot for 3K-4.

. 35 is a representative I1C;,, Plot for 2K-4-DR9.

. 36 is a representative IC;,, Plot for 3K-4-DR9.

. 37 is a representative 1C, Plot for 2N-4-DR9.

. 38 is a representative schematic for the molecular
mechanism of DMI1. An expanded r(CUG) repeat
(r(CUG)*?) in the 3'UTR of the DMPK mRNA folds into a
hairpin that binds to muscleblind-like 1 protein (MBNL1), a
pre-mRNA splicing regulator. Sequestration of MBNL1 by
r(CUG)*® causes disregulation of alternative splicing of
genes controlled by MBNL1, decreased translation of the
DMPK pre-mRNA, and formation of nuclear foci. Designed,
modularly assembled ligands targeting the repeating tran-
script have potential to improve these defects.

FIG. 39 is an example of the structures of the optimal
modularly assembled, nH-4 (13) compounds that inhibit for-
mation of the r(CUG)**-MBNL1 interaction in vivo.

FIG. 40 is an example of how nH-4 ligands improve DM1-
associated pre-mRNA splicing defects. A, schematic of the
pre-mRNA splicing pattern observed for the cTNT mini-gene
(21) in the presence and absence of the DM1 mini-gene (21).
B, representative gel autoradiogram to assess the effect of
nH-4 compounds on the alternative splicing of the ¢cTNT
mini-gene. HelLa cells were transfected with either a DM1
mini-gene containing 960 interrupted CTG repeats and the
¢TNT mini-gene or a wild type (WT) mini-gene containing
five CTG repeats and the cTNT mini-gene. After transfection,
nH-4 compounds or water were added in growth medium to
the cells. Total RNA was harvested 16-24 h later, and alter-
native splicing was assessed by RT-PCR using a radioactively
labeled forward primer. The RT-PCR products were separated
using a denaturing 5% polyacrylamide gel. The size of the
RT-PCR products was confirmed using a radioactively
labeled 100 bp DNA ladder. C, plot of data obtained from
RT-PCR analysis. Statistically significant improvement of
splicing is observed when cells are treated with 2H-4, 3H-4,
and 4H-4 while only modest improvement is observed for
SH-4. Each experiment was completed in at least duplicate
and the errors are the standard deviations from replicate mea-
surements.

FIG. 41 is an example of designed small molecules target-
ing r(CUG)*?® improve DM 1-associated translational defects
in a cell culture model. Top, a schematic of the model cell-
based system that was used to study the efficacy of the com-
pounds. Briefly, a stably transfected C2C12 line was created
that expresses firefly luciferase mRNA with r(CUG)g in the
3' UTR. In the absence of a small molecule that targets
r(CUG)g, the transcript is mostly retained in the nucleus and
thus it is not efficiently translated. If, however, a small mol-
ecule binds to the r(CUG)g,, and displaces or inhibits
MBNLI1 binding, then the transcript is more efficiently
exported from the nucleus and translated in the cytoplasm.
Bottom, 2H-4, 3H-4, and 4H-4 improve translational defects
associated with DM1. No effect on translation of firefly
luciferase is observed when 50 uM of each compound is
tested in a model system lacking r(CUG) repeats. Each
experiment was completed in at least triplicate and the errors
are the standard errors from replicate measurements.

FIG. 42 is an example of disruption of nuclear foci by 2H-4
and 3H-4 as determined by fluorescence in situ hybridization
(FISH). HeLa cells were transfected with a DM1 mini-gene
containing 960 interrupted CTG repeats and then treated with
the nH-4 compound.(21) After 16-24 h, the cells were fixed
and the rCUG repeats were detected by FISH using DY 547-
2'0OMe-(CAGCAGCAGCAGCAGCAGC). The cells were
imaged by confocal microscopy. A, cells treated with 25 uM
of 2H-4. B, cells treated with 25 pM of 3H-4. C, untreated
cells. For all panels: left, fluorescence in the DAPI channel
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indicating nuclei or nH-4 compound (nH-4 compounds have
similar spectral properties as DAPI); middle, DY 547 fluores-
cence indicating the presence of rCUG repeats; C, overlay of
DY547 and DAPI/nH-4 images.

DETAILED DESCRIPTION OF THE INVENTION

As used herein, “alkyl” is meant to include linear alkyls,
branched alkyls, and cycloalkyls, each of which can be sub-
stituted or unsubstituted. “Alky]l” is also meant to include
lower linear alkyls (e.g., C1-C6 linear alkyls), such as methyl,
ethyl, n-propyl, n-butyl, n-pentyl, and n-hexyl; lower
branched alkyls (e.g., C3-C8 branched alkyls), such as iso-
propyl, t-butyl, 1-methylpropyl, 2-methylpropyl, 1-methyl-
butyl, 2-methylbutyl, 3-methylbutyl, 1,2-dimethylpropyl,
1,1-dimethylpropyl, 2,2-dimethylpropyl, 1-methylpentyl,
2-methylpentyl, 3-methylpentyl, 4-methylpentyl, 1,1-dim-
ethylbutyl, 1,2-dimethylbutyl, 1,3-dimethylbutyl, 2,2-dim-
ethylbutyl, 2,3-dimethylbutyl, 3,3-dimethylbutyl, 1-ethylbu-
tyl, 2-ethylbutyl, 2-methyl-2-ethylpropyl, 2-methyl-1-
ethylpropyl, and the like; and lower cycloalkyls (e.g., C3-C8
cycloalkyls), such as cyclopropyl, cyclobutyl, cyclopentyl,
cyclohexyl, and the like.

“Alkyl”, as used herein, is meant to include unsubstituted
alkyls, such as those set forth above, in which no atoms other
than carbon and hydrogen are present. “Alkyl”, as used
herein, is also meant to include substituted alkyls. Suitable
substituents include substituted or unsubstituted aryl groups
(such as where the alkyl is a benzyl group or another aryl-
substituted methyl group), heterocyclic rings (saturated or
unsaturated and optionally substituted), alkoxy groups
(which is meant to include aryloxy groups (e.g., phenoxy
groups)), amine groups (e.g., unsubstituted, monosubsti-
tuted, or disubstituted with, for example, aryl or alkyl
groups), guanidine and guanidinium groups (optionally sub-
stituted with, for example, one or more alkyl or aryl groups),
carboxylic acid derivatives (e.g., carboxylic acid esters,
amides, etc.), halogen atoms (e.g., Cl, Br, and I), and the like.
Further, alkyl groups bearing one or more alkenyl or alkynyl
substituents (e.g., a methyl group itself substituted with a
prop-1-en-1-yl group to produce a but-2-en-1-yl substituent)
is meant to be included in the meaning of “alkyl”. Other
suitable substituents include hydroxy groups and protected
hydroxy groups (e.g., an acyloxy group, such at an acetoxy
group; a silyl ether group, such as a trimethylsilyl (“TMS”)
ether group and a tert-butyldimethylsilyl (“TBS”) ether
group).

As used herein, “alkylene” refers to a bivalent alkyl group,
where alkyl has the meaning given above. Linear, branched,
and cyclic alkylenes, as well as examples thereof, are defined
in similar fashion with reference to their corresponding alkyl
group. Examples of alkylenes include eth-1,1-diyl (i.e., —CH
(CH;)—), eth-1,2-diyl (i.e., —CH,CH,—), prop-1,1-diyl
(i.e., —CH(CH,CH;)—), prop-1,2-diyl (i.e., —CH,—CH
(CH;)—), prop-1,3-diyl (i.e., —CH,CH,CH,—), prop-2,2-
diyl (e.g. —C(CH;),—), cycloprop-1,1-diyl, cycloprop-1,2-
diyl, cyclopent-1,1-diyl, cyclopent-1,2-diyl, cyclopent-1,3-
diyl, cyclohex-1,1-diyl, cyclohex-1,2-diyl, cyclohex-1,3-
diyl, cyclohex-1,4-diyl, but-2-en-1,1-diyl, cyclohex-1,3-diyl,
but-2-en-1,4-diyl, but-2-en-1,2-diyl, but-2-en-1,3-diyl, but-
2-en-2,3-diyl. Also included in the meaning of the term “alky-
lene” are compounds having the formula —R'—R"—, where
—R' represents a linear or branched alkyl group and R"—
represents a cycloalkyl group.

Asused herein, “alkoxy” is meant to include groups having
the formula —O—R, where R is an alkyl or aryl group. They
include methoxy, ethoxy, propoxy, phenoxy, 4-methylphe-
noxy, and the like.

As used herein, “aryl” is meant to include aromatic rings,
for example, aromatic rings having from 4 to 12 members,
such as phenyl rings. These aromatic rings can optionally
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contain one or more heteroatoms (e.g., one or more of N, O,
and S), and, thus, “aryl”, as used herein, is meant to include
heteroaryl moieties, such as pyridyl rings, pyridiminyl rings,
and furanyl rings. The aromatic rings can be optionally sub-
stituted. “Aryl” is also meant to include aromatic rings to
which are fused one or more other aryl rings or non-aryl rings.
For example, naphthyl groups, indole groups, isoindole
groups, and 5,6,7,8-tetrahydro-2-naphthyl groups (each of
which can be optionally substituted) are aryl groups for the
purposes of the present application. As indicated above, the
aryl rings can be optionally substituted. Suitable substituents
include alkyl groups (which can optionally be substituted),
other aryl groups (which may themselves be substituted),
heterocyclic rings (saturated or unsaturated), alkoxy groups
(which is meant to include aryloxy groups (e.g., phenoxy
groups)), amine groups (e.g., disubstituted with aryl or alkyl
groups), carboxylic acid groups, carboxylic acid derivatives
(e.g., carboxylic acid esters, amides, etc.), halogen atoms
(e.g., Cl, Br, and 1), and the like.

As used herein, “ring” is meant to include homocyclic or
heterocyclic rings. The homocyclic or heterocyclic ring can
be saturated or unsaturated, aromatic or nonaromatic. The
ring can be unsubstituted, or it can be substituted with one or
more substituents. The substituents can be saturated or unsat-
urated, aromatic or nonaromatic, and examples of suitable
substituents include those recited above in the discussion
relating to substituents on alkyl and aryl groups. Furthermore,
two or more ring substituents can combine to form another
ring, so that “ring”, as used herein, is meant to include fused
ring systems, and such fused ring systems can be saturated or
unsaturated, aromatic or nonaromatic. In the case where the
ring is saturated (i.e., in the case where each of the atoms
making up the ring are joined by single bonds to other mem-
bers of the ring), the ring may optionally include unsaturated
(aromatic or nonaromatic) or saturated substituents. [llustra-
tively, the ring or ring system can contain 3,4, 5, 6,7, 8, 9, 10,
or more members.

The present invention relates to an RNA targeting com-
pound having the following Formula I:

Z—N—O

Q Ii] %

wherein j is an integer from 1 to 100; each 1 is the same or
different and is zero or an integer from 1 to 100; each Z'
represents the same or different linking moiety; each R* is the
same or different and represents an alkyl group or an aryl
group; each Q' represents the same or different RNA binding
ligand; Q? is an alkyl group; Q° is a halogen, an alkyl group,
an aryl group, or an amine.

As used herein RNA targeting compound is meant to refer
to a compound that binds to RNA. By way of illustration, the
RNA targeting compound can bind to one or more RNA
motifs, such as RNA repeat motifs and/or RNA structural
motifs. “RNA structural motif”, as used herein, is meant to
refer to a targetable RNA internal loop, hairpin loop, bulge, or
other targetable RNA structural motifs, for example, as
described in Batey et al., “Tertiary Motifs in RNA Structure
and Folding,” Angew. Chem. Int. Ed., 38:2326-2343 (1999),
which is hereby incorporated by reference. Examples of RNA
motifs include symmetric internal loops, asymmetric internal
loops, 1x1 internal loops, 1x2 internal loops, 1x3 internal
loops, 2x2 internal loops, 2x3 internal loops, 2x4 internal
loops, 3x3 internal loops, 3x4 internal loops, 4x4 internal
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loops, 4x5 internal loops, 5x5 internal loops, 1 base bulges, 2
base bulges, 3 base bulges, 4 base bulges, 5 base bulges, 4
base hairpin loops, 5 base hairpin loops, 6 base hairpin loops,
7 base hairpin loops, 8 base hairpin loops, 9 base hairpin
loops, 10 base hairpin loops, multibranch loops, pseudoknots,
etc.

As noted above, j is an integer from 1 to 100. For example,
j can be an integer from 1 to 50, from 1 to 20, from 1 to 10,
from 2 to 100, from 2 to 50, from 2 to 20, from 2 to 10.
Tlustratively, jcanbe 1,2,3,4,5,6,7,8,9,10,11,12, 13, 14,
15,16, 17,18, 19, or 20.

As noted above, each i is the same or different and is zero
or an integer from 1 to 100, for example, zero or an integer
from 1 to 50, zero or an integer from 1 to 20, zero or an integer
from 1 to 10, an integer from 2 to 100, an integer from 2 to 50,
an integer from 2 to 20, an integer from 2 t0 10,0, 1, 2, 3, 4,
5,6,7,8,9,10,11, 12, 13,14, 15, 16, 17, 18, 19, or 20. For
example, when j is 1, there is one i value; whenj is 2, there are
two ivalues, and these two i values can be the same or they can
be different; when j is 3, there are three i values, and these
three i values can all be the same, they can all be different, or
two can be the same and the other can be different; etc.

In certain embodiments, j is an integer from 2 to 10, and
each i is the same or different and is zero or an integer from 1
to 20. In certain embodiments, each i is the same and is zero
or an integer from 1 to 20. In certain embodiments, j is an
integer from 2 to 10, and each i is the same and is zero or an
integer from 1 to 20.

As noted above, each R* is the same or different and rep-
resents an alkyl group or an aryl group. For example, when j
is 1 andiis 1, there is one R'; when j is 1 and i is 2, or when
jis 2 and eachiis 1, or whenj is 2 and one i is 2 and the other
is zero, etc., there are two R*’s, and these two R'’s can be the
same or they can be different; when j is 1 and i is 3, or when
jis 3 and eachiis 1, or whenj is 2 and one i is 1 and the other
iis two, or when j is 3 and one i is 3 and the other two i’s are
zero, etc., there are three R'’s, and these three R'’s can all be
the same, they can all be different, or two can be the same and
the other can be different; etc.

In certain embodiments, each R! is the same, as in the case
where each R' is an unsubstituted methyl, ethyl, or propyl
group. In certain embodiments, at least one R! is different, as
in the case where all but one of the R'’s are the same, all but
two of the R"’s are the same, all but three of the R'’s are the
same, all but two of the R*’s are different, all but three of the
RY’s are different, some of the R!’s are the same and others
are different, etc. By way of illustration, in certain embodi-
ments, at least one R” is an alkyl group and at least one R* is
an aryl group; in certain embodiments, each R! is the same or
different and is an alkyl group; in certain embodiments, each
R! is the same or different and is an aryl group; in certain
embodiments, each R is the same or different and is an
unsubstituted alkyl; in certain embodiments, each R* is the
same or different and is a C1-C12 alkyl, such as a substituted
C1-C12 alkyl or an unsubstituted C1-C12 alkyl; in certain
embodiments, each R is the same or different and is a C1-C6
alkyl, such as a substituted C1-C6 alkyl or an unsubstituted
C1-C6 alkyl; in certain embodiments, each R* is the same or
different and is a linear alkyl, such as a substituted linear alkyl
or an unsubstituted linear alkyl, such as a C1-C12 unsubsti-
tuted linear alkyl, a C1-C6 unsubstituted linear alkyl,aC1-C4
unsubstituted linear alkyl, or a C1-C3 unsubstituted linear
alkyl.

As noted above, Q* can be a halogen, an alkyl group, an
aryl group, or an amine. In certain embodiments, Q> is an
amine, such as an unsubstituted amine, a monosubstituted
amine, or a disubstituted amine.

For example, Q° can have the formula—NR?, R?, in which
R? is a hydrogen atom or an alkyl group and in which R® is a
hydrogen atom, an alkyl group or an alkylcarbonyl group, for
example, as in the case where R is a substituted alkyl and R>
is a hydrogen atom, an alkyl group or an alkylcarbonyl group.
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Illustratively, Q° can have the formula —NR?R?, in which
R? is a hydrogen atom, an alkyl group or an alkylcarbonyl
group and in which R? is a substituted alkyl having the for-
mula—Z'-Q', wherein Z' and Q' are as described above and
illustrated below. Thus, in certain embodiments, compounds
of Formula I can have the following Formula II:

1

1
fo) 1
ZI_QI
¥ N
o]
1
R ; o] ; R3

As yet further illustration, in certain embodiments, Q° can
have the formula —NR?, R?, in which R? is a hydrogen atom
or an alkyl group and in which R? is an alkylcarbonyl group,
such as an unsubstituted alkylcarbonyl group or a substituted
alkylcarbonyl group (e.g., an w-aminoalkylcarbonyl group,
such as one having the formula —C(0O)—(CH,),-QS, in
which n is an integer from 1 to 20 (e.g., from 1 to 12, from 1
to 6, from 1 to 4, etc.) and in which Q° is an unsubstituted,
monosubstituted, or disubstituted amino group). For
example, Q® can have the formula —NR?, R?, in which R?is
a hydrogen atom or an alkyl group and in which R® is an
alkylcarbonyl group substituted with a dye, such as in the case
where Q° can have the formula —NR?, R?, in which R? is a
hydrogen atom or an alkyl group, in which R® has the formula
—C(0)—R®*—7*Q7, and in which R® represents a bivalent
alkyl moiety, Z* represents a linking moiety (e.g., an amide
linkage, an ester linkage, a triazole ring linkage, etc.), and Q’
represents a label, such as a dye (e.g., fluorescein dye or
another fluorescent dye), a radioactive label, an enzymatic
label, etc. As further examples of dyes that can be used, there
can be mentioned Alexa dyes, Bodipy dyes, rhodamine dyes,
pyrene dyes, dansyl dyes, cyanine dyes, PET (positron emis-
sion tomography) tracers, and the like. In an embodiment, Q’
represents carboxyfluorescein dye (FAM dye) (e.g., 5-FAM,
6-FAM, etc.).

The compounds can include a molecular transporter.
Examples of molecular transporters include small molecules
and cell-penetrating peptides or proteins. The molecular
transporter can be referred to as a cellular uptake tag. For
example, R® can be a molecular transporter (e.g., a small
molecule or cell-penetrating peptide or protein). Without
intending to be bound by any particular theory, it is consid-
ered that the molecular transporters facilitate the uptake of a
variety of molecular cargoes into cells such as, for example, a
wide variety of covalently and noncovalently conjugated car-
goes such as, for example, proteins, oligonucleotides, and
liposomes. In an embodiment, R° is a nona-arginine molecu-
lar transporter.

As yet further illustration, in certain embodiments, Q> can
have the formula—NR?, R?, in which R? is an alkylcarbonyl
groZulp 5111b stituted with a dye and in which R? has the formula

1

Z—N—0
Z—N—0

QZ

As another example, Q? is an amine having the formula:

Q4
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whereink is an integer from 1 to 100 (e.g., as in the case where
k is an integer from 1 to 50, from 1 to 20, from 1 to 10, from
2 to 100, from 2 to 50, from 2 to 20, from 2 to 10 and/or as in
the case where kis 1,2,3,4, 5,6, 7, 8, 9,10,11,12,13, 14,
15,16,17,18,19, or 20) and wherein Q* is a halogen, an alkyl
group, an aryl group, or an amine, examples of'which include
those discussed above with regard to Q. Thus, in certain
embodiments, compounds of Formula I can have ‘the follow-
ing Formula 1

1

g

As noted above, Q? is an alkyl group, such as an unsubsti-
tuted alkyl group_or a substituted alkyl group. In certarn
embodiments, Q* has the formula —CH —C(0)- -Q°,
wherein Q° is an amine, such as an unsubstituted amine, a
monosubstituted amine, or a disubstituted amine. Hlustra-
tively, Q can have the formula —CH —C(O)—NR*R®, in
which R* is a hydrogen atom or an alkyl group and in which
R’isa hydrogen atom or an alkyl group. In certain embodi-
ments, Q2 has the formula —CH,—C(O)—NR*R?, in which
R* is an alkyl group substituted with a dye and in which R is
ahydrogen atom. In certain embodiments, Q* has the formula
—CH,—C(O)— NR*R’, in whichR*is a hydrogen atom and
in Wthh R’isa hydrogen atom, for example, as in the case
where a compound of Formula I has the following Formula
Iv:

z—N_ —0

1

At

As another example, Q* can be a substituted alkyl in which
Q? has the following formula:

1

1

z—N_ —Q
Z—N—0

_Ql

e}

Q3
N

| 1

R 1
wherein 1 is an integer from 1 to 100 (e.g., as in the case where
1 is an integer from 1 to 50, from 1 to 20, from 1 to 10, from
2 to 100, from 2 to 50, from 2 to 20, from 2 to 10 and/or as in
the case where 1is 1, 2,3,4,5,6,7, 8, 9, 10,11, 12,13, 14,
15, 16, 17, 18, 19, or 20), and wherein Q° is an alkyl group,
examples of which include those discussed above with regard
to Q. Thus, in certain embodiments, compounds of Formula
I can have the following Formula V:

o)
Z—N—O
o)
Z—N—O
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By way of still further illustration, compounds of Formula
I can have the following Formula VI:

1 Ql
i
0 ! 0 z! 0
(o} |
N N
I I
1 1 1
R , O R ., O ’ .

in which Q*, Q°, 1, j, k, and 1 are as set forth above.

In the above Formulae I-VI, each Z* represents the same or
different linking moiety; and each Q' represents the same or
different RNA binding ligand.

For example, when j is 1, there are two Q’s and two Z"’s
in Formula I, the two Q"’s can be the same or they can be
different, and the two Z'’s can be the same or they can be
different; when j is 2, there are three Q'’s and three Z'’s in
Formula I, the three Q'’s can all be the same, they can all be
different, or two can be the same and the other one can be
different, and the three Z*’s can all be the same, they can all
be different, or two can be the same and the other one can be
different; etc.

In certain embodiments, each Q' is the same. In certain
embodiments, at least one Q* is different, as in the case where
all but one of the Q*’s are the same, all but two of the Q'’s are
the same, all but three of the Q"’s are the same, all but two of
the Q*’s are different, all but three of the Q*’s are different,
some of the Q" s are the same and others are different, etc. In
certain embodiments, each Z' is the same. In certain embodi-
ments, at least one Z' is different, as in the case where all but
one of the Z'’s are the same, all but two of the Z'’s are the
same, all but three of the Z'’s are the same, all but two of the
Z%’s are different, all but three of the Z*’s are different, some
of the Z"’s are the same and others are different, etc. The Z'’s
and Q"’s can be selected independently of one another. Thus,
for example, in certain embodiments, all of the Q'’s are the
same, and all of the Z'’s are the same; in certain embodi-
ments, all of the Q*’s are the same, but not all of the Z'’s are
the same; in certain embodiments, all of the Z*’s are the same,
but not all of the Q*1°s are the same; in certain embodiments,
not all of the Q*’s are the same, and not all of the Z*’s are the
same; etc.

As noted above, each Z' represents a linking moiety, such
as a linking moiety that covalently links its corresponding
RNA binding ligand (i.e., its corresponding Q') with the
peptoid polymer backbone. By way of illustration, Z*' can
have the formula: —Z>—Z7>—7*— wherein Z* is an alkylene
moiety, Z* is an alkylene moiety, and Z> is a linkage that
serves to covalently connect the Z* and Z* alkylene moieties.
Examples of suitable Z*’s include amide linkages; ester link-
ages; ether linkages; and triazole ring linkages, e.g., triazole
ring linkages having the formula:

etc. In certain embodiments, Z* can have the formula —7>—
C(OyNH—Z*—, eg, the formula —(CH,) —C(0)—
NH—(CH,)—; the formula—Z7*—NH—C(0)—7Z*— e.g.,
the formula —(CH,),—NH—C(O)—(CH,)_—; the formula
—Zz—C(O)—O—Z&—, e.g., the formula —(CH,)—C
(0)—O—(CH,).—; the formula — 7> O C(0)Z*,
e.g., the formula —(CH,),—(0)—(CH,),—; the formula
—7*—0—7*—, eg, the formula —(CH,)—O—
(CH,),—; the formula:

Z—N=0
Z,

Q4

" —z
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%ZZ~N(=\N/N—Z4AS ,

e.g., the formula:

ngszy—g\LN/N—fCHﬁg ;

the formula:

S S

e.g., the formula:

g('CHZ-)y—N\/}—fCHr)g ;

N=N

inwhichy is an integer from 1 to 6 and in which z is an integer
from 1 to 6. Z' can also represent combinations of the above
formulae, such as in the case where Z' has the formula
— 72— 7°-77—7% 7% in which Z*, Z*, and Z are alky-
lene moieties, such as those discussed above; and Z° and Z®
are independently selected from amide linkages, ester link-
ages, ether linkages, and triazole ring linkages.

As noted above, each Q' represents the same or different
RNA binding ligand. As used herein, “RNA binding ligand”
is meant to refer to non-nucleic acid compounds that may be
capable of binding to or otherwise interacting with one or
more RNAs or with one or more RNA motifs, such as the
RNA motifs discussed above. In this regard, “interacting” is
meant to refer to binding or other stabilized association
between the ligand and the RNA or RNA motif. The associa-
tion can be thermodynamically stabilized or kinetically sta-
bilized or both, and the interaction can be the result of cova-
lent bonding, hydrogen bonding, van der Waals interactions,
electrostatic interactions, or combinations of these and/or
other types of interactions. Examples of RNA binding ligands
include proteins, polypeptides, carbohydrates, and other non-
nucleic acid biopolymers; peptoids (which is meant to
include polypeptoids); whole cells; and, small molecules.
“Small molecules”, as used herein, are meant to refer to
non-biopolymer compounds having, for example, a molecu-
lar weight of less than 10,000 grams/mole, such as less than
9000 grams/mole, less than 8000 grams/mole, less than 7000
grams/mole, less than 6000 grams/mole, less than 5000
grams/mole, less than 4000 grams/mole, less than 3000
grams/mole, less than 2000 grams/mole, less than 1000
grams/mole, less than 900 grams/mole, less than 800 grams/
mole, less than 700 grams/mole, less than 600 grams/mole,
less than 500 grams/mole, less than 400 grams/mole, etc. that
may be capable of binding to or otherwise interacting with
one or more nucleic acids or nucleic acid motifs. Examples of
small molecules that can be used in connection with the
present invention include small molecule antibiotics, small
molecule antiviral agents, small molecule antifungals, small
molecule chemotherapeutics, small molecule heterocyclics,
and other small molecule drugs. The small molecules can be
biological compounds or mixtures of such compounds (e.g.,
derived from plant, fungal, bacterial, algal, or other extracts);



US 9,260,476 B2

13

or they can be synthetic organic compounds; or they can be
inorganic compounds (e.g., cisplatin).

Suitable RNA binding ligands (e.g., RNA binding ligands
that bind to or otherwise interact with one or more target
RNAs or with one or more target RNA motifs) can be iden-
tified, for example, using the methods described in Disney et
al., “Using Selection to Identify and Chemical Microarray to
Study the RNA Internal Loops Recognized by 6-N-Acylated
Kanamycin A,” ChemBioChem, 8:649-656 (2007); Childs-
Disney et al., “A Small Molecule Microarray Platform to
Select RNA Internal Loop-Ligand Interactions.,” ACS Chem.
Biol., 2(11):745-754 (2007) (and in the associated Supporting
Information (available on the internet at http://pubs.acs.org/
subscribe/journals/acbcet/suppinfo/ch700174r/cb700174r-
File003.pdf)); U.S. patent application Ser. No. 11/998,466 of
Disney et al., filed Nov. 29, 2007; and/or PCT Patent Appli-
cation No. PCT/US07/024,546 of Disney et al., filed Nov. 29,
2007, each of which is hereby incorporated by reference.

By way of illustration, two or more Q'’s can be selected so
as to bind to RNA structural motifs, such as RNA internal
loop motifs, RNA hairpin loop motifs, RNA bulge motifs,
RNA multibranch loop motifs, and/or RNA pseudoknot
motifs.

For example, some (i.e., one or more) of the Q'’s can be
selected so as to bind to a first RNA structural motif and some
(i.e., one or more) of the Q*’s can be selected so as to bind to
a second RNA structural motif, wherein the first RNA struc-
tural motif and the second RNA structural motif are different.
Ilustratively, some (i.e., one or more) of the Q'’s can be
selected so as to bind to an RNA internal loop motif and some
(i.e., one or more) of the Q"’s can be selected so as to bind to
a second, different RNA internal loop motif; or, some (i.e.,
one or more) of the Q'’s can be selected so as to bind to an
RNA internal loop motif and some (i.e., one or more) of the
Q'’s can be selected so as to bind to an RNA hairpin loop
motif; or some (i.e., one or more) of the Q*’s can be selected
s0 as to bind to an RNA internal loop motifand some (i.e., one
or more) of the Q"’s can be selected so as to bind to an RNA
bulge motif; etc.

Alternatively, all of the Qs can be selected so as to bind to
the same RNA structural motif, for example, as where all of
the Q"’s are selected so as to bind to multiple copies of the
same RNA structural motif. Illustratively, all of the Q*’s are
selected so as to bind to multiple copies of the same RNA
internal loop motif, or the same RNA hairpin loop motif, or
the same RNA bulge motif, etc.

By way of further illustration, two or more Q'’s can be
selected so as to bind to RNA repeat motifs, such as RNA
triplet repeat motifs (e.g., CUG RNA triplet repeat motifs,
CGG RNA triplet repeat motifs, GCC RNA triplet repeat
motifs, GAA RNA triplet repeat motifs, CAG RNA triplet
repeat motifs, etc.), RNA tetra repeat motifs (e.g., CCUG
RNA tetra repeat motifs), or pentanucleotide repeats that
cause spinocerebellar ataxia type 10 (AUUCU repeats) or
Frontal temporal dementia and ALS (GGGGCC repeats).

For example, some (i.e., one or more) of the Q"’s can be
selected so as to bind to a first RNA repeat motif and some
(i.e., one or more) of the Q*’s can be selected so as to bind to
a second RNA repeat motif, wherein the first RNA repeat
motif and the second RNA repeat motif are different. Illus-
tratively, some (i.e., one or more) of the Q*’s can be selected
so asto bind to a CUG RNA triplet repeat motifand some (i.e.,
one or more) of the Q'’s can be selected so as to bind to a
different RNA triplet repeat motif (e.g., a CAG RNA triplet
repeat motif).

Alternatively, all of the Q"’s can be selected so as to bind to
the same RNA repeat motif, for example, as where all of the
Qs are selected so as to bind to a CUG RNA triplet repeat
motif, a CGG RNA triplet repeat motif, a GCC RNA triplet
repeat motif, a GAA RNA triplet repeat motif, a CAG RNA
triplet repeat motif, a CUG RNA triplet repeat motif, a CCUG
RNA tetra repeat motifs, or pentanucleotide repeats that
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cause spinocerebellar ataxia type 10 (AUUCU repeats) or
Frontal temporal dementia and ALS (GGGGCC repeats).

By way of still further illustration, one or more of the Q*’s
can be selected so as to bind to an RNA structural motif, such
as any of those described above (e.g., an RNA internal loop
motif); and one or more of the Q'’s can be selected so as to
bind to an RNA repeat motif, such as any of those described
above (e.g., a CUG RNA triplet repeat motif).

Examples of RNA binding ligands that can be used in the
practice of the present invention include aminoglycoside sug-
ars, such as kanamycins (e.g., kanamycin A’s (e.g., having the
structure shown in FIG. 1A), kanamycin B’s (e.g., having the
structure shown in FIG. 1B), etc.), tobramycins (e.g., having
the structure shown in FIG. 1C), neamines (e.g., having the
structure shown in FIG. 1D), neomycins (e.g., having the
structure shown in FIG. 1E), and the like; and bisbenzimida-
zoles, such as pibenzimols (e.g., having the structures shown
in FIGS. 1F and 1G, such as Hoechst 33258). Kanamycins,
tobramycins, neamines, neomycins, and bisbenzimidazoles
can be particularly useful in cases where the target RNA
motifs are CUG RNA triplet repeat motifs and CCUG RNA
tetranucleotide repeat motifs.

The manner in which the RNA binding ligands are coupled
to the Z"s depends on the nature of the RNA binding
ligand(s) being employed and the linkage(s) to be used. Illus-
tratively, coupling can be affected via an RNA binding
ligand’s carbon atom that bears a hydroxyl group or amine
group (e.g., via an RNA binding ligand’s hydroxymethyl
carbon atom, via an RNA binding ligand’s aminomethyl car-
bon atom, via an RNA binding ligand’s hydroxy-substituted
ring carbon atom, via an RNA binding ligand’s amine-sub-
stituted ring carbon atom, and the like). In cases where the
RNA binding ligand is an aminoglycoside sugar, coupling
can be effected, for example, via the aminoglycoside sugar’s
6' position (e.g., via the 6' position of kanamycin A, kanamy-
cin B, tobramycin, neamine, and neomycin); via the ami-
noglycoside sugar’s 6" position (e.g., via the 6" position of
kanamycin A, kanamycin B, and tobramycin); via the ami-
noglycoside sugar’s 5 position (e.g., via the 5 position of
neamine); in those cases where the aminoglycoside sugar
includes a tetrahydrofuran ring, via the tetrahydrofuran ring’s
hydroxymethyl carbon atom (e.g., via the tetrahydrofuran
ring’s hydroxymethyl carbon atom in neomycin); etc.

In certain embodiments, each Q' is the same or different
and is selected from aminoglycoside sugars and bisbenzimi-
dazoles, such as in the case where each Q' is the same or
different and is an aminoglycoside sugar. In certain embodi-
ments, each Q' is a kanamycin A. In certain embodiments,
each Q' is a neamine. In certain embodiments, each Q' is a
bisbenzimidazole. In certain embodiments, some (i.e., one or
more) of the Q"’s are kanamycin A’s and some of the Q'’s are
bisbenzimidazoles. In certain embodiments, some (i.e., one
or more) of the Q'’s are kanamycin A’s and some of the Q"’s
are neamines. In certain embodiments, some (i.e., one or
more) of the Q"’s are neamines and some of the Q'’s are
bisbenzimidazoles.

For example, a Q' (or more than one Q') can be selected so
as to bind to one or more RNA internal loop motifs that
comprise a pyridimine across from a pyridimine (e.g., a uracil
opposing a uracil, a cytosine across from a cytosine, a uracil
across from a cytosine, etc.). Examples of such RNA internal
loop motifs include 1x1, 2x2, 3x3, etc. internal loops, such as
5'C/3'C; 5'U/3'U; 5'AU/3'AU, S'UA/3'UA; S'UAU/3'UUU,
5'GUC/3'GCU; 5 GCU/3' GUC; 5' CUC/3' CGU; 5' CGU/
3'CUC; 5'UGA/3'UGG; 5'UGG/3'UGA,; etc. Such RNA
internal loop motifs can be targeted with an aminoglycoside
sugar, such as a kanamycin A (e.g., a kanamycin A coupled
via its 6", position).

As a further example, a Q' (or more than one Q') can be
selected so as to bind to one or more RNA internal loop motifs
that comprise a guanine across from a guanine. Examples of
such RNA internal loop motifs include 1x1, 2x2, 3x3, etc.
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internal loops, such as 5'G/3'G; 5'CG/3'CG; 5S'GA/3'GC;
5'GC/3'GA; 5'AG/3'GG; 5'GG/3'AG; 5'AG/3'CG; 5'CG/

3'AG; 5'AGA/3'CGA; 5'CGA/3'AGA; etc. Such RNA inter-
nal loop motifs can be targeted with an aminoglycoside sugar,
such as a tobramycin (e.g., a tobramycin coupled via its 6"
position).

As a further example, a Q" (or more than one Q') can be
selected so as to bind to one or more RNA internal loop motifs
that comprise an adenine across from a guanine. Examples of
such RNA internal loop motifs include 1x1, 2x2, 3x3, etc.
internal loops, such as 5'A/3'G; 5'G/3'A; 5'CA/3'CG; 5'CG/
3'CA; S'AG/3'GG; 5'GG/3'AG; 5'UA/3'UG; 5UG/3'UA,;
S'GA/3'AA; S'AA/3GA; 5'GGA/3'AUG; 5'AUG/3'GGA;
S'AAC/3'GGU; S5'GGU/A'AAC; S5'AGA/3'CUG; 5'CUG/
3'AGA; 5'AAG/3'CUA; 5'CUA/3'AAG; 5'AAC/3'GCU;
5'GCU/3'AAC; 5'AAC/3'GUA; 5'GUA/3'AAC; etc., and
such RNA internal loop motifs can be targeted with an ami-
noglycoside sugar, such as a neamine (e.g., a neamine
coupled via its 5 position). Other examples of such RNA
internal loop motifs also include 1x1, 2x2, 3x3, etc. internal
loops, such as 5'A/3'G; 5'G/3'A; 5'AA/3'GC; S'GC/3'AA;
S'AA/3'CG; S'CG/3'AA; S'AA/3'GA; 5'AA/3GA; 5'AU/
3'GC; 5'GC/3'AU; 5'AA/3'GG; 5'GG/3'AA; 5'CAA/3'AUG;
S'AUG/3'CAA; 5'CAC/3'CGC; 5'CGC/3'CAC; S'CUA/
3'CCG; S'CCG/3'CUA; 5'AGU/A'GGC; 5'GGC/3'AGU;,
S'AAC/3'GGA; S'GGA/FAAC; S'GUA/'GAG; 5'GAG/
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wherein m is zero or an 1nte%er from l to 100; n is zero or an
integer from 1 to 100; Z'* ,and Z"? represent the same or
different linking moieties (examples of which include those
described above with regard to Z'); R'* and R'? represent the
same or different alkyl or aryl groups (examples of which
include those described above with regard to R'); and Q**,
Q'2, and Q" represent the same or different RNA binding
ligands (examples of which include those described above
with regard to Q1). Illustratively, m and n can be the same, or
they can be different; and examples of suitable m and n
include zero or an integer from 1 to 50, zero or an integer from
1 to 20, zero or an integer from 1 to 10, an integer from 2 to
100, an integer from 2 to 50, an integer from 2 to 20, an integer
from 210 10,0,1,2,3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15,
16,17, 18, 19, and 20).

The above-described RNA targeting compounds of For-
mula I in which j is 3 can have the following Formula IX:

QIZ Ql3 Ql4
ZH H/ZH H/ZH M)\’(\

3'GUA; 5'AGA/3'ACG; S'ACG/3'AGA; 5'AGC/3'GCC;
5'GCC/3'AGC,; etc., and such RNA internal loop motifs can
be targeted with an aminoglycoside sugar, such as a neomycin
(e.g., a neomycin coupled via the hydroxymethyl carbon
atom of the neomycin’s tetrahydrofuran ring).

The above-described RNA targeting compounds of For-
mula I in which j is 1 can have the following Formula VII:

Qll QIZ
:le fo) %12
QZ/N N N\[(\(?
e} Il{“ e}

wherein m is zero or an integer from 1 to 100 (e.g., zero or an
integer from 1 to 50, zero or an integer from 1 to 20, zero or
an integer from 1 to 10, an integer from 2 to 100, an integer
from 2 to 50, an integer from 2 to 20, an integer from 2 to 10,
0,1,2,3,4,5,6,7,8,9,10,11, 12,13, 14, 15,16, 17, 18, 19,
or 20); Z'' and Z'* represent the same or different linking
moieties (examples of which include those described above
with regard to Z'); R*! is an alkyl or aryl group (examples of
which include those described above with regard to R'); and
Q' and Q'? represent the same or different RNA binding
ligands (examples of which include those described above
with regard to Q').

The above-described RNA targeting compounds of For-
mula I in which j is 2 can have the following Formula VIII:
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wherein m is zero or an integer from 1 to 100; n is zero or an
integer from 1 to 100; p is zero or an integer from 1 to 100;
ZM, 7' 73 and Z'* represent the same or different linking
moieties (examples of which include those described above
with regard to Z'); R*', R*? and R'?, represent the same or
different alkyl or aryl groups (examples of which include
those described above with regard to R'); and Q*!, Q*2, Q*3,
and Q'* represent the same or different RNA binding ligands
(examples of which include those described above with
regard to Q1). Illustratively, m, n, and p can be the same, or
they can be different; and examples of suitable m, n, and p
include zero or an integer from 1 to 50, zero or an integer from
1 to 20, zero or an integer from 1 to 10, an integer from 2 to
100, an integer from 2 to 50, an integer from 2 to 20, an integer
from 210 10,0,1,2,3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15,
16,17, 18, 19, and 20).

In each of Formulae VII, VIII, and IX, Q* and Q° have the
meanings described above with regard to Formula 1. It will be
appreciated that Formulae VII, VIII, and IX are intended to be
illustrative of RNA targeting compounds of Formula I (spe-
cifically RNA targeting compounds of Formula I in whichj is
1, 2, and 3, respectively). RNA targeting compounds of For-
mulalinwhichjis greater than3 (e.g., 4, 5,6,7,8,9, 10, etc.)
having structures that are analogous to Formulae VII, VIII,
and IX can be readily envisioned are intended to be encom-
passed by Formula I.

The RNA targeting compounds of Formula I can be pre-
pared by any suitable method, such as those described below
and in the Examples that follow.

Tustratively, the compounds of the present invention can
be prepared using a peptoid synthesis scheme in which the
peptoid backbone is built in a step-wise manner by sequential
reactions with (1) bromoacetic acid and (2) functionalized
alkyl amines (i.e., alkyl amines in which the alkyl group bears
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a substituent to which an RNA binding ligand can be coupled)
or non-functionalized alkyl amines (e.g., alkyl amines in
which the alkyl group is unsubstituted or substituted with a
group that is not involved in coupling the RNA binding
ligand). The peptoid backbone can be built on a suitable
substrate (e.g., a resin), and the resulting peptoid can be
cleaved from the substrate after the reaction is complete. The
step-wise process permits the introduction of functionalized

Qll QIZ

18

alkyl groups at particular positions on the peptoid backbone
and, consequently, permits one to control the spacing
between RNA binding ligands (once the RNA binding
ligands are coupled to the functionalized alkyl groups).

5 A step-wise synthetic scheme for the preparation of a com-
pound of Formula 1 is presented in FIG. 2. More particularly,
the scheme shown in FIG. 2 is designed to produce com-
pounds of Formula I having the following Formula X:

Q13 Ql4

I I I I
0 z! 0 712 0 713 0 74 0
Q3 Il\I Il\I Il\I Il\I Q*
1 1 1 1 1
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in which k, I, m, n, p, R'', R'2, R"?, 7!, 712, 713 74 Q'
Q'2,Q%, Q" Q% and Q’ are as described above and in which
eachR'° and each R'* are independently selected alkyl or aryl

25 groups.
In an embodiment, the compounds of the present invention
have the following structures:
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In an embodiment, the compounds of the present invention
can have the following structures:

0
HO
HO
N
i
0
HO
d N
I\,
s
HO N
NI,
o} o}
o}
on B N M
N >N NHFAM,
o}
LN o}
NI,
OH OH (6] Ne
4 N
N
0 =
NH
0,
HO NH,
HO NH,
Hd o%/
HO 0
OH NH,
oH
0

OH



US 9,260,476 B2

-continued
O
HO.
HO
N
H
(@]
N
3 N
I\,
HO N/
NH,
(@] O
o N N )J\/\/\
N >N NHFAM,
N 0
(@]
N
g N
N
0 =
NH
0]
HO NH,
HOT o%m
HO OH
O
HO.
HO N
H
(@]
HO
N
§ / \
N
HO

O

7
N
NH,
0 0 0
O NH, N, N )W
OH N >N N NHFAM
HN o) o)
NH, M
0 N _ §
/N
N

og OH New

0 =

0
0
o)
H,N
OH
o)
H,N
HO NH, 7
HO O
0
HO

HO NH,
LN
o oH HO

OH

OH,

OH



US 9,260,476 B2

-continued
0
HO
HO N
H
0
LN
N
R /A
N
HO N
NI,
0 0 0
HO NH, N N )W
N oN oN NHFAM
LN 0 0 0
A
0 N N, N
N// ~N = OH,
oH
o — ]
NI,
NH fo)
LN
oH
0
LN
HO NI, ol
HO™ N o/%/ N
HO (0):1
oH
oH
N oH
0 0 o}
HO 0
oH
HO N
i1
0
HO N
o)
O / IKI\ I\{\ \ 1o O
— N OH
HO N/N N—N

OH OH 0 N
s N = OH,
o _ o OH
OH
NH 0
H,N
OH
o)
© NH, H,N
o
HO O om
NH, 0
H,N
OH
o) HO
HO

OH



US 9,260,476 B2

-continued
OH
OH
NH NH,
o) O 0
HO. (@]
OH
HO N
H
O
H,N N
OH
N N N
S \
I\ \ H,N
HO 7 N—N

N
NH,
O O O
Ho NH; N N N
N N N 3 N~|]/\/\/\NHF AM,
O

0 N
v N = OH,
1) — O OH
NI,
NH 0
H,N.
OH
0]
N
HO NH,

HO
HO



US 9,260,476 B2
41 42

-continued

M NHFAM.

o} ==
NH
O
HO NH,
HO NH,
(0]
HO HO NI
OH
O
OH
O
HO.
HO
N
H
[0
HN
HN NH,
G N
I\,
HN.
e
HO N
O
HO

)k/\/\/ NHFAM,

HO
HO ﬁ : NH,
HoN O
HO



US 9,260,476 B2

-continued
OH
o)
OH
HO
Ho HO o 0 o NH
HO k? \
NH
0 NH, 2
NH
o) O
HO.
HO N
H
o\ P
N
0 / 1
N
HO N
NH,
NH
oH
o
H,N
NH,
OH OH 0
HO

0

HO g O%NHZ LN or M
HO O oH

NH, LN \%&O OH

OH

OH N



US 9,260,476 B2

-continued
HO
HOJEN OM
HO NI
O NH,
NH
o) O
HO
HO N
H
LN ¢
HN. _NH
d N N N Y 2
/ Y .
HO N N—N HN
1L
0 0 0 0 ~ 0
HO NI, N N N A Jk/\/\/NHFAM,
N N N N N
2 2 2 H
H,N 0 0 0
0
AN NH
N
/
Q HN NH
0
NA N=x
N ht
0 = OH,
HO NH, o oH
HO™ N O/%/NH2
HO OH NH,
H,N ©
2 oH
H,N
HO

where FAM is a carboxyfluorescein.

Briefly, a resin bearing primary amine groups (such as
deprotected Fmoc-Rink amide resin 1) is reacted with bro-
moacetic acid 2 in a suitable solvent (e.g., dimethylforma-
mide (“DMF”)) and in the presence of a dehydration agent,
such as a dialkylcarbodiimide (e.g., diisopropylcarbodiimide
(“DIPC™)), for a suitable period of time (e.g., for from about
5 minutes to about 1 hour, such as for about 20 minutes) and
at a suitable temperature (e.g., at from about room tempera-
ture to about 50° C., such as at about 37° C.) to produce
bromoacetamide 3. After washing with a suitable solvent
(e.g., dichloromethane (“DCM”) or another suitable chlori-
nated hydrocarbon, DMF, or combinations thereof), bro-
moacetamide 3 is optionally (in those cases where 1 is not
zero) reacted with non-functionalized amine 4 in a suitable
solvent (e.g., DMF or tetrahydrofuran (“THF”)) for a suitable
period of time (e.g., for from about 5 minutes to about 1 hour,
such as for about 20 minutes) and at a suitable temperature
(e.g., at from about room temperature to about 50° C., such as
at about 37° C.) to produce aminoacetamide 5; and, after
washing with, for example, DCM and DMF, aminoacetamide
5 is then reacted with bromoacetic acid 2, as described above,
to produce bromoacetamide 6 (1=1). In those cases where
1>1, the process (reaction with non-functionalized amine 4
followed by reaction with bromoacetic acid 2) is repeated 1-1
additional times. In each repetition, R'° in non-functionalized
amine 4 can be varied if desired.

Bromoacetamide 6 (120) (or, in those cases where 1 is zero,
bromoacetamide 3) is then reacted with functionalized amine
7 in a suitable solvent (e.g., DMF or THF) for a suitable
period of time (e.g., for from about 5 minutes to about 1 hour,
such as for about 20 minutes) and at a suitable temperature
(e.g., at from about room temperature to about 50° C., such as
atabout 37° C.) to produce aminoacetamide 8. After washing
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with, for example, DCM and DMF, aminoacetamide 8 is then
reacted with bromoacetic acid 2, as described above, to pro-
duce bromoacetamide 9.

Bromoacetamide 9 is optionally (in those cases where m is
not zero) reacted with non-functionalized amine 10, as
described above, to produce aminoacetamide 11; and, after
washing with, for example, DCM and DMF, aminoacetamide
11 is then reacted with bromoacetic acid 2, as described
above, to produce bromoacetamide 12 (m=1). In those cases
where m>1, the process (reaction with non-functionalized
amine 10 followed by reaction with bromoacetic acid 2) is
repeated m-1 additional times. In each repetition, R'! in
non-functionalized amine 10 can be varied if desired.

Bromoacetamide 12 (m=4) (or, in those cases where m is
zero, bromoacetamide 9) is then reacted with functionalized
amine 13 in a suitable solvent (e.g., DMF or THF), as
described above, to produce aminoacetamide 14. After wash-
ing with, for example, DCM and DMF, aminoacetamide 14 is
then reacted with bromoacetic acid 2, as described above, to
produce bromoacetamide 15.

Bromoacetamide 15 is optionally (in those cases where n is
not zero) reacted with non-functionalized amine 16, as
described above, to produce aminoacetamide 17; and, after
washing with, for example, DCM and DMF, aminoacetamide
17 is then reacted with bromoacetic acid 2, as described
above, to produce bromoacetamide 18 (n=1). In those cases
where m>1, the process (reaction with non-functionalized
amine 16 followed by reaction with bromoacetic acid 2) is
repeated n—1 additional times. In each repetition, R'? in non-
functionalized amine 16 can be varied if desired.

Bromoacetamide 18 (or, in those cases where n is zero,
bromoacetamide 15) is then reacted with functionalized
amine 19, as described above, to produce aminoacetamide 20.
After washing with, for example, DCM and DMF, aminoac-



US 9,260,476 B2

47

etamide 20 is then reacted with bromoacetic acid 2, as
described above, to produce bromoacetamide 21.

Bromoacetamide 21 is optionally (in those cases where p is
not zero) reacted with non-functionalized amine 22, as
described above, to produce aminoacetamide 23; and, after
washing with, for example, DCM and DMF, aminoacetamide
23 is then reacted with bromoacetic acid 2, as described
above, to produce bromoacetamide 24 (p=1). In those cases
where p>1, the process (reaction with non-functionalized
amine 22 followed by reaction with bromoacetic acid 2) is
repeated n—1 additional times. In each repetition, R'? in non-
functionalized amine 22 can be varied if desired.

Bromoacetamide 24 (or, in those cases where p is zero,
bromoacetamide 21) is then reacted with functionalized
amine 25, as described above, to produce aminoacetamide 26.
Aminoacetamide 26 can then reacted with bromoacetic acid
2, as described above, to produce bromoacetamide 27.

In those cases where k is not 0, bromoacetamide 27 can
then be reacted with non-functionalized amine 28, as
described above, to produce aminoacetamide 29. In those
cases where k>1, the process (reaction with non-functional-
ized amine 28 followed by reaction with bromoacetic acid 2)
can be repeated k—1 more times. In each repetition, R'* in
non-functionalized amine 28 can be varied if desired. The
resulting aminoacetamide 29 (k=0) can then reacted with
bromoacetic acid 2, as described above, to produce bromoac-
etamide 30 (Q*=Br in Formula X).

As one skilled in the art will appreciate, the process
described above can be repeated any number of times to
extend the peptoid backbone and introduce additional func-
tionalized alkyl groups.

The terminal bromine (e.g., the bromine on the right size of
bromoacetamide 27 (in cases where k is zero) or the bromine
on the right size of bromoacetamide 30 (in cases where k>0)
provides a convenient place to perform additional chemistry.
Iustratively, bromoacetamide 27 or bromoacetamide 30 can
be alkylated or arylated to provide compounds in which Q*is
an alkyl or aryl group. Alternatively, bromoacetamide 27 or
bromoacetamide 30 can be reacted with a functionalized
amine (e.g., HNR?® in which R?' is a functionalized alkyl),
for example, to 2produce a compound in which Q* has the
formula—NHR? (e.g., as a way of producing a comgound of
Formula X in which Q* has the formula —NHZ! i
which Q'® is an RNA binding ligand (exam lples of Wthh
include those described above with regard to Q™) and in which
7Z'% is a linking moiety (examples of which include those
described above with regard to Z")). Still alternatively, bro-
moacetamide 27 or bromoacetamide 30 can be reacted witha
non-functionalized amine, for example, to ;)roduce a com-
pound in which Q* has the formula—NHR' in which R*’ is
an alkyl group or an aryl group (e.g., an unsubstituted alkyl
group). Inthose cases where bromoacetamide 27 or bromoac-
etamide 30 are reacted with a functionalized or non-function-
alized amine, the amine’s nitrogen can provide a convenient
site for further chemistry. For example, reaction of the termi-
nal amine with an acid, such as a Fmoc-protected aminoal-
kanoic acid (e.g., a Fmoc-protected 6-aminohexanoic acid)
provides a functionalized spacer, to which a dye (e.g., a fluo-
rescent dye) or other labeling moiety can be couzpled.

In FIG. 2 and in the above discussion, R*!, R*?, R**, R**,
and R?® represent functionalized alkyl groups (1.e., alkyl
groups which bear a substituent to which an RNA binding
ligand can be coupled via, for example, an amide linkage, an
ester linkage, an ether linkage, or a triazole ring linkage.
Suitable functional groups include, for example, carboxylic
acids and protected carboxylic acids, amines and protected
amines, hydroxyls and protected hydroxyls, alkynes, and
azides. To produce compounds of Formula X, the functional
groups on R?, R*?, R*, R**, and R*® are coupled to the
desired RNA binding hgands to produce the —Z''-Q'?,
7212_Q12, ZB'QB, ZM‘QM, and 7215_Q15 moieties,
respectively.
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This can be done while the peptoid backbone is being
constructed, for example, as in the case where R*! of ami-
noacetamide 8 is coupled to the desired RNA binding ligand
(to produce the —Z''-Q*! priorto reacting aminoacetamide 8
with bromoacetic acid 2 to produce bromoacetamide 9; and as
in the case where R*! of aminoacetamide 8 is co Pled to the
desired RNA binding ligand (to produce the — moi-
ety) after reacting aminoacetamide 8 with bromoacetlc acid 2
to produce bromoacetamide 9 but prior to optionally reacting
bromoacetamide 9 with non-functionalized amine 10 to pro-
duce aminoacetamide 11 and/or prior to reacting bromoac-
etamide 12 with functionalized amine 13 to produce ami-
noacetamide 14. This step-wise coupling is particularly
useful in those cases where different RNA binding ligands are
to be coupled at different locations along the peptoid back-
bone.

In cases where some of the RNA binding ligands are the
same and adjacent to one another (e.g., as in the case where
Q'! and Q'? are the same but different from Q**), R** and R*
of aminoacetamide 14 can be coupled to the desired RNA
binding ligand (to produce —Z-Q'* and —Z'*-Q"> moieties)
in a single step prior to reacting bromoacetamide 18 with
functionalized amine 19 to produce aminoacetamide 20.

In cases where all of the RNA binding ligands are the same,
R?', R*?, R**, and R** of aminoacetamide 29 or bromoaceta-
mide 30 or subsequent reaction products thereof (and any
other functionalized alkyl groups that might be present, such
as R*) can be coupled to the desired RNA binding ligand in
a single step. This single-step coupling can take place before
or after the peptoids are cleaved from the resin or other
substrate (described below).

After the peptoid backbone is prepared and after the RNA
binding ligands are coupled (if such coupling is to be per-
formed prior to cleavage from the resin or other substrate)
and/or after any other desired chemistry is performed (e.g.,
any reactions involving the terminal bromine and/or terminal
amine) (if such chemistry is to be performed prior to cleavage
from the resin or other substrate), the peptoids are cleaved
from the resin or other substrate. Methods for cleaving the
peptoids from the substrate will depend on the nature of the
substrate. Where a Fmoc-Rink amide resin is employed (as in
FIG. 2 and the discussion above), cleavage can be effected
using 95:5 trifluoroacetic acid:water.

The present invention, in another aspect thereof, relates to
an RNA targeting compound that includes a polymer back-
bone and two or more pendant RNA binding ligands, wherein
the two or more pendant RNA binding ligands are bound to
the polymer backbone.

Tustratively, the RNA targeting compound can include 2
pendant RNA binding ligands, 3 or more pendant RNA bind-
ing ligands, 4 or more pendant RNA binding ligands, 5 or
more pendant RNA binding ligands, from 2 to 100 pendant
RNA binding ligands, from 2 to 50 pendant RNA binding
ligands, from 2 to 20 pendant RNA binding ligands, and/or 2,
3,4,5,6,7,8,9,10, 15, or 20 pendant RNA binding ligands.

The two or more pendant RNA binding ligands can bind to
RNA structural motifs, such as in the case where each of the
RNA structural motifs is independently selected from an
RNA internal loop motif, an RNA hairpin loop motif, an RNA
bulge motif, an RNA multibranch loop motif, and/or an RNA
pseudoknot motif. Additionally, or alternatively, the two or
more pendant RNA binding ligands can bind to RNA repeat
motifs, such as RNA triplet repeat motifs (e.g., CUG RNA
triplet repeat motifs, CUG RNA triplet repeat motifs, CGG
RNA triplet repeat motifs, GCC RNA triplet repeat motifs,
GAA RNA triplet repeat motifs, and/or CAG RNA triplet
repeat motifs), RNA tetra repeat motifs (e.g., CCUG RNA
tetra repeat motifs), or pentanucleotide repeats that cause
spinocerebellar ataxia type 10 (AUUCU repeats) or Frontal
temporal dementia and ALS (GGGGCC repeats).

In certain embodiments, each of the two or more pendant
RNA binding ligands are the same. In certain embodiments,
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the two or more pendant RNA binding ligands are not the
same (e.g., at least one is different from the others, at least two
are different from the others; etc.).

Examples of suitable pendant RNA binding ligands
include those described above (e.g., with regard to Q'). Illus-
tratively, the two or more pendant RNA binding ligands can
be the same or different and are selected from aminoglycoside
sugars and bisbenzimidazoles. In certain embodiments, the
two or more pendant RNA binding ligands are aminoglyco-
side sugars, such as kanamycins (e.g., kanamycin A’s, kana-
mycin B’s), tobramycins, neamines, neomycins, and the like.
In certain embodiments, the two or more pendant RNA bind-
ing ligands are kanamycin A’s. In certain embodiments, the
two or more pendant RNA binding ligands are neamines. In
certain embodiments, the two or more pendant RNA binding
ligands are tobramycins. In certain embodiments, the two or
more pendant RNA binding ligands are neomycins. In certain
embodiments, the two or more pendant RNA binding ligands
are bisbenzimidazoles, such as in the case where the two or
more pendant RNA binding ligands are pibenzimols,
examples of which include Hoechst 33258.

As used herein in this context, “polymer backbone” is
meant to refer to a repeating, substantially linear collection of
3 or more (e.g., 4 or more, 5 or more, etc.) atoms that are
covalently bonded to one another. The polymer backbone can
be, for example, a peptoid polymer backbone (e.g., as in the
case where the polymer backbone has a repeating —C(O)—
N-alkylene-structure (e.g., a repeating —C(O)—N—CH,—
structure, such as where the polymer backbone can be repre-
sented by the formula: [C(O)—N—CH,]|, where z is an inte-
ger greater than or equal to 2, such as from 2 to 1000, from 3
to 1000, from 4 to 1000, from 5 to 1000, from 2 to 200, from
3 to 200, from 4 to 200, from 5 to 200, from 2 to 100, from 3
to 100, from 4 to 100, from 5 to 100, and/or 2, 3, 4, 5, 6,7, 8,
9, 10, 20, 30, 40, 50, and the like. Other suitable polymer
backbones include those based on biological monomers, such
as peptides (e.g., alpha amino acids, beta amino acids, etc.) as
well as those based on non-biological monomers (e.g., poly-
ethers; polyurethanes; polyamides; polyacrylates; polyethyl-
enes, polypropylenes, and other polyolefins; polyethylene
glycols; and the like).

As noted above, the two or more pendant RNA binding
ligands are bound (e.g., covalently) to the polymer backbone,
for example, via a linking moiety, examples of which include
those discussed above in the context of Formula I. Illustra-
tively, in the case where the polymer backbone is a peptoid
polymer backbone, the two or more pendant RNA binding
ligands can be bound (e.g., via an optional linker) to some or
all of the peptoid polymer backbone’s nitrogen atom. Those
nitrogen atoms in the peptoid polymer backbone that are not
bound to pendant RNA binding ligands can be substituted
with the same or different substituents, such as alkyl or aryl
groups (some or all of which alkyl or aryl groups can be
substituted or not).

Methods for making the subject RNA targeting compounds
that utilize a peptoid polymer backbone include those
described hereinabove in relation to the preparation of RNA
targeting compounds of Formula I. In those cases where
non-peptoid polymer backbones are employed, one skilled in
the art can readily identify suitable methods of preparation,
taking into account the functional groups that may be present
on the polymer backbone to be used, the functional groups
that may be present on the RNA binding ligands to be used,
the preparative methods described above with regard to the
synthesis of compounds of Formula I, and conventional syn-
thetic methodologies.

The compounds of the present invention can be used in a
variety of ways.

Tlustratively, the compounds can be used, for example in a
competitive binding assay, to determine the ability of other
compounds to bind to particular RNA or particular RNA
motifs.
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By way of further illustration, compounds of the present
invention that include a dye (e.g., a fluorescent dye), a label,
a marker, or other probe can be used to detect the presence of
aparticular RNA or particular RNA motifs in a sample. Such
assays can be carried out in vivo, ex vivo, or in vitro. [llustra-
tively, compounds of the present invention that include a dye
(e.g., a fluorescent dye) or other probe can be used to detect
the presence, quantify the amount, and/or determine the loca-
tion of the particular RNA or particular RNA motifs that may
be present in a sample, such as a biological sample, a tissue
sample, ablood sample, a urine sample, a cell sample, orin an
organism.

By way of still further illustration, compounds of the
present invention can be used to treat RNA-mediated diseases
or conditions, such as diseases or conditions that are caused
by triplet repeats, for example, triplet repeats in non-coding
regions (examples of which include myotonic dystrophy
(CUG repeat), spinocerebellar ataxia type 8 (CUG repeat),
Fragile X syndrome (CGG repeat), Fragile XE syndrome
(GCC repeat), Friedreich ataxia (GAA repeat), and spinocer-
ebellar ataxia type 12 (CAG repeat)) and triplet repeats in
coding regions (examples of which include spinocerebellar
ataxia type 1 (CAG repeat), spinocerebellar ataxia type 2
(CAG repeat), spinocerebellar ataxia type 3 (CAG repeat),
spinobulbar muscular atrophy (Kennedy’s Disease) (CAG
repeat), Huntington’s Disease (CAG repeat), dentatorubral-
pallidoluysian atrophy (CAG repeat), spinocerebellar ataxia
type 6 (CAG repeat), and spinocerebellar ataxia type 7 (CAG
repeat)); or that are caused by RNA tetra repeats, such as
myotonic dystrophy type 2 (CCUG repeats), or pentanucle-
otide repeats that cause spinocerebellar ataxia type 10
(AUUCU repeats) or Frontal temporal dementia and ALS
(GGGGCC repeats).

For example, the present invention relates to a method for
treating a disease caused by RNA triplet or tetra repeats in a
subject, and the method includes administering, to the sub-
ject, an RNA targeting compound of the present invention in
which at least some of the RNA binding ligands (e.g., each of
the RNA binding ligands) bind to a RNA triplet or tetra repeat
motif. In certain embodiments, the disease is myotonic dys-
trophy, and some or all of the RNA binding ligands bind to a
CUG RNA triplet repeat motif. In certain embodiments, the
disease is myotonic dystrophy, and the RNA binding ligands
are the same or different and are selected from aminoglyco-
side sugars and bisbenzimidazoles. In certain embodiments,
the disease is spinocerebellar ataxia type 8, and some or all of
the RNA binding ligands bind to a CUG RNA triplet repeat
motif. In certain embodiments, the disease is spinocerebellar
ataxia type 8, and the RNA binding ligands are the same or
different and are selected from aminoglycoside sugars and
bisbenzimidazoles. In certain embodiments, the disease is
Fragile X syndrome, and some or all of the RNA binding
ligands bind to a CGG RNA triplet repeat motif. In certain
embodiments, the disease is Fragile XE syndrome, and some
or all of the RNA binding ligands bind to a GCC RNA triplet
repeat motif. In certain embodiments, the disease is Frie-
dreich ataxia, and some or all of the RNA binding ligands
bind to a GAA RNA triplet repeat motif. In certain embodi-
ments, the disease is selected from spinocerebellar ataxia type
1, type 2, type 3, type 6, type 7, or type 12, spinobulbar
muscular atrophy, Huntington’s Disease, and dentatorubral-
pallidoluysian atrophy; and some or all of the RNA binding
ligands bind to a CAG RNA triplet repeat motif. In certain
embodiments, the disease is myotonic dystrophy type 2, and
some or all of the RNA binding ligands bind to a CCUG RNA
tetra repeat motif, or pentanucleotide repeats that cause
spinocerebellar ataxia type 10 (AUUCU repeats) or Frontal
temporal dementia and ALS (GGGGCC repeats).

The aforementioned RNA targeting compound of the
present invention can be administered to the subject by any
conventional route. The compositions herein may be made up
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in any suitable form appropriate for the desired use. Examples
of suitable dosage forms include oral, parenteral, or topical
dosage forms.

Tlustratively, suitable dosage forms for oral use include
tablets, dispersible powders, granules, capsules, suspensions,
syrups, and elixirs. Inert diluents and carriers for tablets
include, for example, calcium carbonate, sodium carbonate,
lactose, and talc. Tablets may also contain granulating and
disintegrating agents, such as starch and alginic acid; binding
agents, such as starch, gelatin, and acacia; and lubricating
agents, such as magnesium stearate, stearic acid, and talc.
Tablets may be uncoated or may be coated by known tech-
niques to delay disintegration and absorption. Inert diluents
and carriers that may be used in capsules include, for
example, calcium carbonate, calcium phosphate, and kaolin.
Suspensions, syrups, and elixirs may contain conventional
excipients, for example, methyl cellulose, tragacanth, sodium
alginate; wetting agents, such as lecithin and polyoxyethyl-
ene stearate; and preservatives, such as ethyl-p-hydroxyben-
zoate.

Dosage forms suitable for parenteral administration
include solutions, suspensions, dispersions, emulsions, and
the like. They may also be manufactured in the form of solid
compositions that can be dissolved or suspended in sterile
injectable medium immediately before use. They may con-
tain suspending or dispersing agents known in the art.
Examples of parenteral administration are intraventricular,
intracerebral, intramuscular, intravenous, intraperitoneal,
rectal, and subcutaneous administration.

In addition to the above, generally non-active components
of the above-described formulations, these formulations can
include other active materials, for example, actives that have
been identified as useful in the treatment of autoimmune
disorders or conditions or in the alleviation of symptoms
associated therewith. These actives can be broad-based
actives, such as those that are useful in the treatment of a
variety of autoimmune disorders or conditions or in the alle-
viation of symptoms associated with a variety of autoimmune
disorders or conditions; or they may be more specific, for
example, as in the case where the other active is specific for
the treatment of the particular autoimmune disorder or con-
dition with which the subject is afflicted or in the alleviation
of symptoms associated with the particular autoimmune dis-
order or condition. As further illustration of the actives that
can be additionally included in the above-described formula-
tions (i.e., in addition to the RNA targeting compounds and in
addition to non-active components), there can be mentioned
actives which are conventionally employed to treat or other-
wise alleviate the symptoms of myotonic dystrophy and/or
related complications.

It will be appreciated that the actual preferred amount of
RNA targeting compound to be administered according to the
present invention will vary according to the particular RNA
targeting compound being employed, the particular compo-
sition formulated, and the mode of administration. Many
factors that may modify the action of the RNA targeting
compound (e.g., body weight, sex, diet, time of administra-
tion, route of administration, rate of excretion, condition of
the subject, drug combinations, and reaction sensitivities and
severities) can be taken into account by those skilled in the art.
Administration can be carried out continuously or periodi-
cally within the maximum tolerated dose. Optimal adminis-
tration rates for a given set of conditions can be ascertained by
those skilled in the art using conventional dosage administra-
tion tests.

By way of still further illustration, RNA targeting com-
pounds of the present invention can be used to interfere with
the interaction of muscleblind protein with RNA molecules
that comprise CUG repeats. The method includes contacting
the RNA molecules with an RNA targeting compound of the
present invention in which some or all of the RNA binding
ligands bind to a CUG RNA triplet repeat motif. [llustratively,
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the RNA binding ligands can be the same or different and can
be selected from aminoglycoside sugars and bisbenzimida-
zoles, examples of which include those discussed above.
Contacting can be carried out in vivo, ex vivo, or in vitro. In
those cases where contacting is carried out in vivo, for
example, in a subject suffering from myotonic dystrophy
and/or other diseases or conditions involving the interaction
of muscleblind protein with RNA molecules that comprise
CUG repeats, the RNA targeting compound can be adminis-
tered by any of the routes and in any of the compositions
described above.

The present invention is further illustrated by the following
non-limiting examples.

Example 1

Preparation Of Multivalent RNA-Targeting
Compounds Displaying Kanamycin a RNA Binding
Ligands

This Example 1 and in the following Examples 2-4
describe methods to prepare multivalent oligomers that target
RNA. These oligomers are decorated with multiple copies of
asingle ligand or several different ligands that bind to an RNA
motif. Ligands are multivalently displayed on peptoid poly-
mers [31] that are functionalized with azides suitable for
conjugation to ligands that display an alkyne via a 1,3 dipolar
Huisgen cycloaddition reaction [32-34]. Also described are
the design and synthesis of peptoids that vary the spacing
between the ligands by coupling methylamine into a growing
peptoid chain.

To illustrate the present invention, these examples describe
the synthesis of peptoids that display 6'-N-5-hexynoate kana-
mycin A with varying spacing is described. We have identi-
fied this kanamycin derivative as a lead compound for binding
to the 5'CUG/3'GUC motif that is present in multiple copies
in a RNA that causes a form of muscular dystrophy called
myotonic dystrophy (“DM”) [35-41]. The presence of an
expanded 5'CUG/3'GUC repeat (CUG,) binds to mus-
cleblind protein, preventing normal muscle function and
causing DM. Disruption of muscleblind-CUG,, by multi-
valently displayed kanamycin A could be the first treatment of
the cause of DM.

Example 2
Preparation of RNA Binding Ligands

N-Succinimidyl-5-hexynoate was prepared using the pro-
cedure described below:

0
)
)J\/\/
HO
O
0

EDC

—OH —

i
i\j

¢}

5-hexynoic acid (1 g, 8.3 mmole) was dissolved in 4 mL ofa
mixture of chloroform and DMF (9:1) and stirred. To this
solution was added N-hydroxyl succinimide (0.95 g, 8.3
mmole) and N-(3-dimethylaminopropyl)-N'-ethylcarbo-
dimide (“EDC”) (1.58 g, 8.3 mmole), and the reaction was
stirred overnight. The reaction was then diluted to 100 mL.
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with methylene chloride and extracted with 0.1 N HC1 (3x50
mL) and 5% NaHCO; (3x50 mL), dried over MgSO,, and
concentrated. The crude reaction mixture was used for all
subsequent experiments (1.1 g, yield 60%). TL.C analysis (3:7
BEtOAc:CH,Cl,) showed a single product (R,0.70).

N-benzyloxycarbonyloxy-5-norebornene-endo-2,3 dicar-
boximide was prepared using the procedure described below:

0
O )I\
cl 0

N—OH + E——
0

O 0

N—o)J\o

0

A synthesis of this compound using phosgene has been
reported [42]. To eliminate the use of phosgene, a new and
safer synthesis was developed. This compound was used in
the synthesis of 1,3,3"-tri-N-(tert-butoxycarbon-yl)-kanamy-
cin A and 1,3,3"-tri-N-(tert-butoxycarbon-yl)-neamine, as
described [43]. Endo-N-hydroxy-5-norbornene-2,3-dicar-
boximide (10 g, 56 mmole) was dissolved in 100 mL of
CH,Cl, and 5 ml of pyridine and stirred in an ice bath.
Bezylchloroformate was added, and the solution was stirred
overnight and warmed to room temperature. The next morn-
ing, the solution was heated at 48° C. for 3 h. Solvent was

NHBoc
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removed via rotovap, and the solid was recrystallized from
90% aqueous MeOH to afford clear needles (10.1 g, 31
mmole, 57% yield). The spectrum 'H NMR spectrum was
identical to that reported [42].
1,3,3'-Tri-N-(tert-butoxycarbonyl)-6'-N-5-hexyno-ate-

kanamycin A was prepared using the procedure described
below:

NHBoc

To a solution of 1,3,3"-tri-N-(tert-butoxycarbonyl)-kanamy-
cin A [43] (200 mg, 255 mmol) in 6.0 mL. of DMSO was
added N-succinimidyl-5-hexynoate (140 mg, 714 mmol, 2.8
eq), and the reaction was stirred overnight. The reaction mix-
ture was evaporated in a speed vac and purified by silica gel
chromatography (CHCl;:MeOH:NH,OH, 4:1:0.1) to give
the desired product (155 mg, 166 mmol, 65%, R =0.2).
6'-N—S-Hexynoatekanamycin A trifluoroactetic acid salt
(31) was prepared using the procedure described below:

TFA/DCM
a:1
—_—

NHBoc

NHBoc
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-continued
O

A\

NH,

1,3,3"-Tri-N-(tert-butoxycarbonyl)-6'-N-5-hexynoate-kana-
mycin A (95 mg, 105 umol) was dissolved in 10 mL of a
mixture of CH,Cl, and trifluoroactetic acid (“TFA”) (1:1) and
stirred for 1 h at room temperature. The reaction was diluted
with 10 mL of toluene and concentrated. Then an additional
portion of toluene was added, and the reaction was concen-
trated again. A yellow oil was obtained that was dissolved in
10 mL of nanopure water and lyophilized. A tan solid was
isolated, and the solid was placed into Eppendorf tubes into
which 4 mL of diethyl ether was added. The tubes were
tumbled for 2 h. The tubes were centrifuged to pellet the solid,
and the ether was decanted. Residual solvent was removed via
vacuum concentration, and a white solid was obtained (45
mg, 80 mmole, 76%).
1,3,2'-Tri-N-(tert-butoxycarbonyl)-6'-N-5-hexynoatene-
amine was prepared using the procedure described below:

56
chromatography (CHCl;:MeOH:NH,OH, 4:1:0.1) to give
the desired product (408 mg, 560 mmol, 74%, R =0.2).
6'-N-5-Hexynoateneamine trifluoroactetic acid salt was
prepared using the procedure described below:

TFA/DCM
(1:1)

NHBoc

NHBoc

20

25

NH,

OH

1,3,2'-Tri-N-(tert-butoxycarbonyl)-6'-N-5-hexynoate-neam-
ine (320 mg, 447 pmole) was added to 10 mL of 1:1 TFA:
DCM, and the reaction was stirred at room temperature for 1
h. A 10 mL aliquot of toluene was added to the solution, and
it was concentrated in vacuo. An additional 10 mL of toluene

30

NHBoc

NHBoc

OH

To a solution of 1,3,3"-tri-N-(tert-butoxycarbonyl)-neamine
[43] (480 mg, 770 mmol) in 25.0 mL. of MeOH with 200 ul of
triethylamine was added N-succinimidyl-5-hexynoate (150
mg, 730 mmol), and the reaction was stirred overnight. The
reaction was evaporated in vacuo and purified via column

NHBoc

NHBoc

OH

was added and evaporated. The sample was then dissolved in
4 mL of water and evaporated in a vacuum concentrator to
obtain a tan solid. To the solids was added 10 mL of diethyl
ether, and the solution was stirred for an hour. The solids were
filtered, and the remaining ether removed via vacuum con-
centration to afford a white solid (180 mg, 432 pmol, 97%).

65
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Example 3

Synthesis of Peptoid Oligomers Displaying Azides
for Multivalent Display of RNA-Targeting Ligands

FIG. 3A shows a schematic of the synthesis of multivalent
peptoid oligomers to display multiple copies of 6'-N—S-
hexynoate kanamycin A. Use of methylamine as a reactant in
the synthesis allowed variation in the spacing of the 6'-N—
S-hexynoate kanamycin A RNA-targeting ligand along the
peptoid backbone, as can be seen in the azide-displaying
peptoids 32, 33, and 34 (FIG. 3A). The azide-displaying
peptoids are then conjugated to 6'-N-5-hexynoate kanamycin
A using Cu(]) catalyst conditions to produce RNA targeting
compound 35, as shown in FIG. 3B. In FIG. 3B, the group
identified as “AG” has structure 36.

A description of the peptoid synthesis procedure (illus-
trated in FIG. 3A) is set forth below.

A 100 mg portion of Fmoc-Rink amide resin (0.67 mmol/g
loading) was prepared for the first coupling step in a 10 mL
solid-phase reaction flask (Chem Glass) by swelling for 20
min in DMF followed by washing with methanol and then
dichloromethane. A 2 mL solution of 20% piperidine in DMF
was added to the resin, and the resin was shaken at room
temperature for 20 min. The solvent was removed, and the
step was repeated. The solution was then washed with DMF
and DCM (2x4 mL. each) and then with anhydrous DMF (3x4
mL).

The first coupling of bromoacetic acid was accomplished
by adding 2 mL of 1 M bromoacetic acid in DMF to the resin
along with 400 mL of diisopropylcarbodiimide (“DIPC”).
The solution was then placed into a conventional microwave
oven and heated 3x10 s on the defrost setting. The flask was
removed and manually shaken to mix the resin between each
microwave irradiation. The flask was then shaken at 37° C. for
20 min. The reagents were drained, and the coupling steps
were repeated. After the second coupling, the resin was
washed with DCM and DMF (2x4 mL each) and finally with
anhydrous DMF (3x4 mL).

The resin was then coupled to 3-azidopropyl-amine (200
ul, 3 mmol) in 2 mL. of DMF, and the reaction flask was
heated in a microwave, incubated at 37° C., and washed as
described above. For peptoid 32, all subsequent couplings
used 3-azidopropylamine. For peptoids 33 and 34, methy-
lamine was used at different steps to vary the spacing of the
azide on the peptoid chain. Methylamine was coupled by
incubating the resin with 2 mL of a 2 M solution of methy-
lamine in tetrahydro-furan (“THF”), as described for the bro-
moacetic acid coupling; and each methylamine coupling was
repeated 3 times. Each of these steps was alternated until a
peptoid of the desired composition was obtained (33 and 34).

After all coupling steps, the resin was washed with metha-
nol and DCM (4x3 mL each), and the peptoids were cleaved
from the resin by adding 2 mL of a deprotection cocktail
composed of 95:5 trifluoroacetic acid (“TFA”):H,O. The
reaction flask was shaken at room temperature for 30 min.
The solvent containing the crude peptoid was removed from
the resin, and the resin was deprotected again with 3x2 mL of
deprotection cocktail. The solutions containing crude peptoid
were combined and dried in a speed vac concentrator. A
yellow/tan viscous oil was obtained. The peptoids were then
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purified by using a Waters HPLC equipped with 3 um 19x150
mm C8 column at 10 mI./min and UV detection at 218 nm. A
gradient of 95% Water/5% acetonitrile (MeCN) with 0.1%
TFA to 30% water/70% acetonitrile with 0.1% TFA over 30
min was applied to the system. The retention times for the
peptoids were: 14.5 min for 32; 16.0 min for 33, and 24 min
for 34. The samples were then subjected to analysis by mass
spectrometry (“MS”) to confirm the identity of the products.
ESI-MS: 32, observed 438 (M+H"); 33, observed 602
(M+Na"); 34 observed 722 (M+H™).

A description of the procedure used to couple the peptoids
to 31 via click chemistry (illustrated in FIG. 3B) is set forth
below.

Peptoids 32-34 were reacted with 31 using 2 equivalents of
31 relative to the loading of the azide on the peptoids. Typical
reactions were completed with 5.7 umole of pure peptoid and
34.2 umole of 31. These reactions were completed in 4:1
dimethylsulfoxide (“DMSO”):H,O with 2 mM ascorbic acid,
200 uM of TBTA [32] (a Cu+ ligand that accelerates Huigsen
1,3 dipolar cycloaddition reactions), and 1 mM CuSQO,,. After
all of the reagents were added, the reaction vessel (a 2 mL
Eppendort tube) was sonicated to dissolve all reagents. The
tube was then tumbled at room temperature overnight. Crude
reactions were then purified by HPLC using the same condi-
tions as described for peptoid purification above. Compounds
had a typical retention time of 18 min for each compound.
MALDI MS was used to confirm the identity of the products.
The click product of 32+31: observed 2172 (M+H™); click
product (35) of 33+31: observed 2337 (M+Na™*); click prod-
uct of 34+31: observed 2457 (M+H™).

Example 4

Binding of 31 to an Oligonucleotide that Displays a
Single Copy of 5'CUG/3'CUG Motif that, when
Present in Multiple Copies of the DMPK Gene,

Causes Myotonic Dystrophy

A fluorescence-based assay was used to study the binding
of'31 to several RNAs and DNAs. In order to complete these
studies, we conjugated a fluorescein tag onto 31 by reacting
fluorescein isothiocyanate with 3-azidopropylamine. The
azide-labeled fluoresceine was conjugated to 31.

The synthesis of 5-(3-(3-azidopropyl)thio-ureido)-2-(3-
hydroxy-6-0x0-6H-xanthen-9-yl)benzoic acid was carried
out using the following procedure:

HO O O

COOH

N: NN NI,

N=C==S§
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-continued
HO O O
F
COOH
HN
\
C=S
/
HN
N;

Fluorescein isothiocyanate (34 mg, 87 mmole) was dissolved
in 500 pulL of DMF with 15 pl, of Hiinig’s base. Then 3-azi-
doproplyamine (1.3 eq, 10.5 mg, 12 ul.) was added. The
reaction was sonicated to dissolve all reagents and tumbled at
room temperature overnight. An aliquot of the reaction was
then subjected to mass spectrometry to confirm formation of
the product and consumption of the starting material. (ESI+)
found: 490.1 (M+H™"). The reaction was then placed into a
speed vac overnight to remove the solvent and uncoupled
3-azidopropylamine A quantitative yield was obtained.

Boc-protected fluorescein-labeled 6'-N-5-hexynoate kana-
mycin A was prepared using the procedure described below:

2
i

HO
HO NHBoc
HO o 4
10 NHBoc
(¢]
OH
NHBoc
OH

(¢]

OH

-continued
HO o}
5 7~
COOH
10 THF a. Cu(S0,), VaC
—_—
HN
\
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/
HN
15
20 N3
25 HO 0 0
COOH
30 O
HN
\C—S
35 0 A~
/ N N
I H
HN =N
HO 0
40
HO NHBoc
HO
%O NHBoc
0
OH
45 NHBoc
OH
0
OH
50

To a solution containing 1,3,3"-tri-N-(tert-butoxycarbon-yl)-
6'-N-5-hexynoate kanamycin A (21.6 mg, 24 pmoles)ina 7:3
mixture of DMSO:H,O was added 5-(3-(3-azidopropyl)-
thioureido)-2-(3-hydroxy-6-oxo-6H-xanthen-9-yl)benzoic
acid (15 mg, 30 pmoles), 1 mM CuSO,, 1 mM Vitamin C, and
100 uM of TBTA [32], and the reaction was tumbled over-
night in an Eppendorf tube at 37° C. The reaction was ana-
lyzed by mass spectrometry to confirm formation of the prod-
60 uct and consumption of the 6'-N—S-hexynoate kanamycin A
starting material. (ESI+) found: 1368 (M+H"). The product
was then purified via HPLC equipped with a Waters Symme-
try C8 preparative column (7 pm, 19x150 mm). A flow rate of
10 mL/min and a gradient of methanol from 0 to 100% over
30 min was applied (I, product, 24.4 min). Isolated yield: 12
mg, 40%.
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Fluorescein-labeled 6'-N-5-hexynoate kanamycin A was dissolved in water and concentrated in a speed vac overnight.
prepared using the procedure described below: The residue was tumbled twice in 1 mL of diethyl ether with
HO O (6]
A
l COOH
N\
_ TFA/DCM (1:1)
(€] C==S e
HN NéN
HO Q
HO NHBoc
HO
o NHBoc
HO
(6]
OH
NHBoc
0 OH
OH
HO O (6]
F
l COOH
HN
(€] \C_S
w\ Il\l/\/\g/
HN Né N
HO Q
HO NH,
HO
0 NH,
HO
(6]
OH
NH,
o) OH
OH
To a 500 pL solution containing 12 mg of Boc-protected the ether being removed between washes. The product was
fluorescein-labeled G6'-N-5-hexynoate kanamycin A was obtained as a fluorescent yellow/green solid. MS (ESI+):

added 500 pL of trifluoroacetic acid, and the reaction was 65 ) . . . o
stirred for 30 min. The reaction was then diluted to 10 mL 1068 (100%, M+H") and 1090 (45%, M+Na™). A quantitative

with toluene and evaporated to dryness. The product was then yield was obtained.
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A fluorescence-based assay was used to determine the
dissociation constants and the number of interacting sites of
small molecule-internal loop interactions. More particularly,
for the in solution affinity assays, serially diluted concentra-
tions of RNA were annealed in 1xHB+40 ng/ml. BSA at 60°
C. for 5 min and allowed to slow cool on the benchtop.
FITC-labeled 31 in 1xHB+40 pg/ml. BSA was added to the
solution of RNA at a final concentration of 10 nM. Samples
were then placed into a well of a black 96-well plate. Samples
were allowed to incubate for at least 30 min before reading the
fluorescence on a Bio-Tek Synergy HT fluorescence plate
reader set to FITC filters and a sensitivity between 38-40.
Several different times were sampled to ensure that the fluo-
rescence intensity was taken after these interactions reached
equilibrium. Control experiments included incubation of a
selected internal loop (concentration of 3 uM) with 10 nM
FITC. No change in fluorescence was observed. The data
were fit to one-site saturation curve in Sigma plot. When data
was fit to a two-site saturation equation, the curve fit did not
converge to the data. The binding data are shown in FIG. 4,
along with the structures of the RNAs on which the assays
were performed. The data show that 31 binds specifically to
RNAs that have a single copy of the 5'CUG/3'GUC motif that
causes myotonic dystrophy.

FIG. 5 is a schematic that outlines a strategy to use multi-
valent peptoids displaying 31 to inhibit muscleblind-CUG,,
interactions. As shown, the expanded triplet repeat folds into
a hairpin structure that sequesters muscleblind and causes
myotonic dystrophy. Experiments have been performed
which show that multivalent peptoids displaying 31, prepared
as described herein, binds unexpectedly well to RNAs that
contain multiple CUG oligomers (e.g., ((CUG), ), and it is
believed that this binding will disrupt the muscleblind-CUG,,
interactions and can be used to treat myotonic dystrophy.

Example 5

Preparation of Multivalent RNA-Targeting
Compounds Displaying Bisimidazole RNA Binding
Ligands

This Example 5 describes the synthesis of a multivalent
RNA-targeting compound displaying a bisimidazole RNA
binding ligand, Hoechst 33258 azide to target CUG | 4,.

Hoechst-azide derivative 42 was synthesized by a modified
procedure [44] from Hoechst derivative 41 and 3-azidopro-
pylamine as shown in FIG. 6A.

Peptoid backbones were synthesized on a Rink amide resin
solid support via standard protocol, as shown in FIG. 6B,
using the methods analogous to those discussed in Example 3.

Conjugation of Hoechst-azide 42 to the peptoid backbone
was achieved via modified post-oligomerization click chem-
istry protocol [45] followed by cleavage. Following that pro-
cedure, five bivalent RNA-targeting compounds (43a, 43b,
43¢, 43d, and 44) were isolated after HPLC purification. The
products have the structure shown in FIG. 6C. In compounds
43a,43b, 43c,and 43d, R is n-propyl, andnis 4, 8, 12, and 16,
respectively. In compound 44, R is methyl, and n is 16.

The following method was used to prepare meta-(4-Hy-
droxybutyric acid)-Hoechst (41). A mixture of ethyl 4-(3-
formylphenoxy)butanoate [46] (0.37 g, 2.1 mmol) and 4-(5-
(4-methylpiperazin-1-yl)-1H-benzo[d]imidazol-2-y1)
benzene-1,2-diamine [44], acetate salt (0.8 g, 2.1 mmol) in 45
mL of nitrobenzene was stirred at 140° C. for 36 h under
argon. Then the solution was concentrated to dryness in
vacuo, and the residue was triturated with ethyl ether (50 mL),
filtered, and washed on the filter with ethyl ether (4x20 mL).
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The crude product was dried and dissolved in ethanol (15 mL)
and then, to the solution, potassium hydroxide (0.47 g, 8
mmol) was added, and the mixture was refluxed for 4 h. The
reaction was cooled down to room temperature, diluted with
water (15 mL), and saturated with CO,. In about 1 h, crystals
of'the product started to precipitate. The product was filtered,
washed on the filter with ethyl ether (4x20 mL), and dried.
Yield 0.9 g (84%). MS-ESI(+) 511 (M+H").

The following method was used to prepare meta-(N-(3-
azidopropyl)-4-hydroxybutanamide)-Hoechst, hexafluoro-
phosphate mono salt (42). A mixture of meta-(4-hydroxybu-
tyric acid)-Hoechst (41) (0.9 g, 1.76 mmol), PyBOP™ (1.4 g,
2.64 mmol), and diisopropylethylamine (0.68 g, 5.28 mmol)
in DMF (15 mL.) was stirred under argon at room temperature
for 30 min, and then 3-azidopropylamine (0.27 g, 2.64 mmol)
was added. The reaction was stirred at room temperature for
40 h while monitoring the reaction progress by TLC (ethyl
acetate/methanol/triethylamine, 16:8:1). Then the solution
was concentrated in vacuo to a thick, gummy residue. The
residue was washed with water (3x20 mL) and crystallized
from ethanol (10 mL), providing off-white crystals of the
product. Yield 0.7 g (54%). MS-ESI(+) 593 (M+H™"), MS-ESI
(=) 145 (60%, PF67), 591 (30%, M™), 637 (100%,
M+HCO,").

Example 6

Preparation of Kanamycin-6'-N-Hexynoate and Use
Thereof in the Preparation of RNA-Targeting
Compounds

Kanamycin-6'-N-hexynoate (45) was synthesized by anal-
ogy to the reported regio- and chemo-selective 6'-N-derivati-
zation procedure [46] followed by one-pot Boc-protection to
yield the kanamycin-alkyne derivative 46. The synthetic
scheme is set forth in FIG. 7A.

Click chemistry modification of kanamycin-alkyne deriva-
tive 46 with 1-amino-3-azidopro-pane followed by treatment
with FITC and deprotection led to a monovalent fluorescein-
labeled ligand 48.

Preparation of Peptoid Backbones was Carried out using
the scheme set forth in FIG. 7C. Briefly, peptoid backbones
were synthesized similarly to the scheme utilized for the
Hoechst-based ligands except, here, the peptoid backbones
have an azide display instead of alkyne one.

Conjugation of kanamycin-alkyne derivative 46 to the pep-
toid backbone was carried out similarly to the Hoechst click
protocol followed by cleavage with simultaneous Boc-pro-
tective group removal. Following that procedure, three biva-
lent RNA-targeting compounds (49a, 49b, and 49¢c) were
isolated after HPL.C purification. The products have the struc-
ture shown in FIG. 7D. In compounds 49a, 49b, and 49¢, n is
4,8, and 12, respectively.

For easier quantification and binding assays, peptoids with
terminal fluorescein marker attached through a 6-aminohex-
anoic (a 6-aminopentylcarbonyl) linker [47] were synthe-
sized using the preparative scheme set forth in FIG. 7E.

After conjugation with kanamycin-alkyne derivative 46
and subsequent cleavage from the resin and HPLC purifica-
tion, five bivalent and two trivalent ligands were isolated. The
products have the structure shown in FIG. 7F. In compounds
10a, 10b, 10c, 10d, 10e, m is 0, and n is 3, 4, 6, 8, and 19,
respectively. In compound 11a, m is 3, and n is 3; and in
compound 11a, mis 9, and n is 8.
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Example 7

Experimental Procedures and Details Used in the
Preparation of Multivalent RNA-Targeting
Compounds Displaying Bisimidazole and

Kanamycin RNA Binding [igands

This Example 7 further describes the experimental proce-
dures and details used in Examples 5 and 6.

The following HPL.C procedures were used.

Synthetic purity was evaluated by analytical HPL.C on a
Waters SYMMETRY™ C8.5 um 4.6x150 mm column at
room temperature on a Waters 1525 Binary HPLC Pump
equipped with Waters 2487 Dual A Absorbance Detector sys-
tem at 1 ml/min flow rate and 218/254 nm wavelength.
Linear gradient 5% to 95% B in A over 35 min (A: water+
0.1% TFA, B: methanol+0.1% TFA, v/v).

Purification of the peptoid ligands was performed by pre-
parative HPLC on a SYMMETRYPREP™ C8.7 um 19x150
mm column at room temperature on a Waters 1525 Binary
HPLC Pump equipped with Waters 2487 Dual Absorbance
Detector system at 10 mI/min flow rate and 218/254 nm
wavelength.

The following method was used to prepare meta-(4-Hy-
droxybutyric acid)-Hoechst (41). A mixture of ethyl 4-(3-
formylphenoxy)butanoate [48] (0.37 g, 2.1 mmol) and 4-(5-
(4-methylpiperazin-1-yl)-1H-benzo[d]imidazol-2-y1)
benzene-1,2-diamine [44], acetate salt (0.8 g, 2.1 mmol) in 45
mL of nitrobenzene was stirred at 140° C. for 36 h under
argon. Then the solution was concentrated to dryness in
vacuo, and the residue was triturated with ethyl ether (50 mL),
filtered, and washed on the filter with ethyl ether (4x20 mL).
The crude product was dried and dissolved in ethanol (15 m[)
and then, to the solution, potassium hydroxide (0.47 g, 8
mmol) was added, and the mixture was refluxed for 4 h. The
reaction was cooled down to room temperature, diluted with
water (15 mL), and saturated with CO,. In about 1 h, crystals
of'the product started to precipitate. The product was filtered,
washed on the filter with ethyl ether (4x20 mL), and dried.
Yield 0.9 g (84%). MS-ESI(+) 511 (M+H").

The following method was used to prepare meta-(N-(3-
azidopropyl)-4-hydroxybutanamide)-Hoechst, hexafluoro-
phosphate mono salt (42). A mixture of meta-(4-hydroxybu-
tyric acid)-Hoechst (41) (0.9 g, 1.76 mmol), PyBOP™ (1.4 g,
2.64 mmol), and diisopropylethylamine (0.68 g, 5.28 mmol)
in DMF (15 mL.) was stirred under argon at room temperature
for 30 min, and then 3-azidopropylamine (0.27 g, 2.64 mmol)
was added. The reaction was stirred at room temperature for
40 h while monitoring the reaction progress by TLC (ethyl
acetate/methanol/triethylamine, 16:8:1). Then the solution
was concentrated in vacuo to a thick, gummy residue. The
residue was washed with water (3x20 mL) and crystallized
from ethanol (10 mL), providing off-white crystals of the
product. Yield 0.7 g (54%). MS-ESI(+) 593 (M+H™"), MS-ESI
(=) 145 (60%, PF67), 591 (30%, M~), 637 (100%,
M+HCO,").

The following method was used to prepare 1,3,3"-tri-N-
(tert-butoxycarbonyl)-kanamycin-6'-N-hexynoate (46). To a
solution of kanamycin A free base (0.2 g, 0.4 mmol) in an
acetone-water mixture (1:1, 10 mL), N-(6-hexynoyloxy)-5-
norbornene-2,3-dicarboximide (0.1 g, 0.36 mmol) was
added, and the reaction was stirred at room temperature for 20
min. Then, to the mixture, Boc anhydride (0.53 g, 2.4 mmol)
was added, and the reaction was stirred 24 h at room tempera-
ture. White precipitate was filtered, washed with ethyl ether
(6x5 mL), and dried, providing pure product identical to the
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reference sample obtained via a different synthetic scheme.
Yield 0.17 g (47%). MS-ESI(+) 879 (M+H™).

The following method was used to prepare 6'-N-fluores-
cein labeled kanamycin (48). To a solution of 1,3,3"-tri-N-
(tert-butoxycarbonyl)-kanamycin-6'-N-hexynoate (46) (9
mg, 10 pmol) in DMSO (81 ulL.), 3-azidopropylamine (6 pL,
50 umol) and solutions of TRIS.HCI (1 uL, 1M in water),
CuSO, (10 uL, 0.01M in water), ascorbic acid (1 uL., 0.1M in
water), and TBTA (1 uL, 0.01 M in DMSO/tert-butanol, 1:4)
were added. The mixture was incubated at 60° C. overnight
and concentrated to dryness. The residue was dissolved in
DMSO (0.2 mL), and, to the solution, fluoresceinisothiocy-
anate (“FITC”) (8 mg, 20 umol) and triethylamine (7 pL., 50
pumol) were added. The reaction was incubated at 40° C. for 1
h and then concentrated to dryness. The residue was dissolved
in methanol and purified by preparative HPLC. Combined
fractions were concentrated to dryness, and, to the residue, a
mixture of TFA/DCM/water (60:40:2, 0.5 mL) was added.
The solution was gently shaken at room temperature for 1 h
and concentrated to dryness. After lyophilization from water,
7.3 mg (5.2 umol) of the product (tris-trifluoroacetate salt)
were obtained. MS-ESI(+) 1068 (100%, M+H™"), 535 (50%,
M+2H*).

The general protocol for the peptoid synthesis is described
below. The peptoid oligomers were synthesized at room tem-
perature (22° C.) in BioRad POLY-PREP™ chromatography
columns (0.8x4 cm) orthogonally installed on a plate of Ther-
molyne MAXI-MIX III™ shaker. Fmoc-protected Rink
amide polystyrene resin (AnaSpec) with a substitution level
0.45 mmol/g (23 mg, 10 umol) was swollen in DCM (1 mL)
for 20 min, drained, and deprotected with 1 ml of 20%
piperidine in DMF for 40 min with shaking at 800 rpm,
followed by draining and then rinsing with DMF (6x3/6x3
mL).

The coupling step was carried out as follows. To the resin-
bound amine bromoacetic acid (0.2 mL, 1M in DMF) and
diisopropylcarbodiimide (“DIC”) (0.2 mL, 1M in DMF) were
added. The resin was shaken for 20 min at 1000 rpm, drained,
and then rinsed with DMF (5x2/5x2 mL).

The displacement step involved a two step process. In one
step, a click counterpart was introduced by sequentially add-
ing, into a column, DMF (0.2 mL.) and corresponding amine
(20 uL of either 3-azidopropylamine or propargylamine). The
resin was shaken for 3 h at 1000 rpm, drained, and then rinsed
with DMF (5x2/5x2 mL). In the other step, the chain was
extended with a spacer by sequentially adding, into a column,
DMF (0.2 mL) and propyl amine (50 pl). The resin was
shaken for 20 min at 1000 rpm, drained, and then rinsed with
DMF (5%x2/5x2 mL).

The following general protocol was followed for the pep-
toid post-oligomerization ligand introduction, click chemis-
try. The resin-bound oligomer was washed with methanol
(3x2 mL) and dichloromethane (3x2 ml) and dried under
stream of air, and a small portion of the resin was cleaved and
analyzed by HPL.C and MS-ESI prior to a conjugation step.
Then, into a resin-bound oligomer containing column, a click
counterpart (4 equivalents per conjugation site) was added.
The column was sealed with a rubber septum and purged with
argon for 20 min. Then the column was capped from another
side, and 2 mL of the pre-prepared catalyst solution (0.1M
copper acetate, 1M diisopropylethylamine, 0.1M ascorbic
acid, and 0.01M TBTA in pyridine/DMF, 3:7) were loaded
into the column under argon. The reaction was sonicated
(Branson BRANSONIC™ 5210, 140 watts, 47 kHz) in dark-
ness at 40° C. with periodic vortexing for 36 h. The click
solution was drained; and the resin was rinsed with DMF (5x2
ml), 2% ascorbic acid in pyridine (5x2 mL), and DMF (5x2/
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5%2 mL) and washed with methanol (3x2 mL) and dichlo-
romethane (3x2 mL.). The product was cleaved from the resin
in a mixture of TFA/DCM/water (60:40:2, 2x1 mL) with
shaking (600 rpm) at room temperature for 1 h. The filtrate
was concentrated under a stream of air, the residue was dis-
solved in water, and product was isolated by preparative
HPLC. Fractions were analyzed by MS-ESI. Combined frac-
tions of the product were concentrated to dryness, and the
product was lyophilized from water.

The following general protocol was followed for peptoid
post-oligomerization fluorescein labeling. The resin-bound
oligomer was washed with methanol (3x2 ml.) and DCM
(3x2 mL) and dried under a stream of air; and Fmoc-6-
aminohexanoic acid (“Fmoc-e-Ahx-OH”) (18 mg, 50 mmol)
and DIC (0.2 mL, 1M in DMF) were added. The resin was
shaken at room temperature for 2 h at 800 rpm, drained, rinsed
with DMF (5x2/5x2 mL), and deprotected with 1 mL of 20%
piperidine in DMF for 50 min with shaking at 800 rpm,
followed by draining and then rinsing with DMF (6x3/6x3
mL). Then, into a column, 4(5)-carboxy-fluorescein (19 mg,
50 mmol), N-hydroxybenzotriazole (11 mg, 80 mmol), DMF
(0.1 mL), and DIC (0.2 mL, 1M in DMF) were added. The
resin was shaken at room temperature for 2 h at 800 rpm,
drained, washed with DMF (6x3 mL), and rinsed with DMF
(5x2/5%2 mL). The resulting resin-bound oligomer with fluo-
rescein marker was then conjugated with the corresponding
ligand.

Although the invention has been described in detail for the
purpose of illustration, it is understood that such detail is
solely for that purpose, and variations can be made therein by
those skilled in the art without departing from the spirit and
scope of the invention which is defined by the claims that are
set forth below after the section entitled “References”.
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Example 8

Myotonic dystrophy type 1 (DMI1) is caused when an
expanded r(CUG) repeat (r(CUG)*#) binds the RNA splicing
regulator muscleblind-like 1 protein (MBNL1) as well as
other proteins. The modularly assembled small molecules
displaying a 6'-N-5-hexynoate kanamycin A RNA-binding
module (K) on a peptoid backbone potently inhibit the bind-
ing of MBNLI1 to r(CUG)*®*. To improve the cellular perme-
ability and localization properties of modularly assembled
small molecules displaying a 6'-N-5-hexynoate kanamycin A
RNA-binding module (K) on a peptoid backbone, second-
generation compounds that are conjugated to a D-Arg9
molecular transporter were synthesized. These modified
compounds enter cells in higher concentrations than parent
compounds without such transporters and are efficacious in
cell-based DM1 model systems at low micromolar concen-
trations. In particular, they improve three defects that are the
hallmarks of DM1: a translational defect due to nuclear reten-
tion of transcripts containing r(CUG)**¥; pre-mRNA splicing
defects due to inactivation of MBNL1; and the formation of
nuclear foci. A compound having desirable properties in cell-
based studies was tested in a mouse model of DM1. Modest
improvement of pre-mRNA splicing defects was observed.
These studies show that a modular assembly approach can
afford bioactive compounds that target RNA.

Potential RNA drug targets are plentiful in the transcrip-
tome; however, only the bacterial rRNA, and hence the ribo-
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some, are tried and true targets for small molecules.(1) Ide-
ally, both coding and non-coding RNAs that have important
biological functions could be targeted with small molecules.
(2) There are significant challenges for the development of
small molecules that modulate RNA function, either by
screening or rational design. These issues are mainly centered
on the identification of selective small molecule ligands that
target specific RNAs and parallel efforts to identify the RNA
motifs that selectively bind small molecule ligands.(3)

The current state of the art in developing compounds that
target RNA is the use of antisense nucleic acids or interfering
RNA.(4-6) Although both of these strategies are powerful,
oligonucleotide-based therapeutics can have undesirable
properties such as non-specific stimulation of the immune
system and off-target effects.(7, 8) In addition, the com-
pounds have poor cellular permeability and are more expen-
sive to manufacture than small molecules. The advantage of
oligonucleotides is their unparalleled simplicity of design
based on base-pairing rules.

In an effort to develop methods to target RNA with small
molecules, a program was developed to define a database of
RNA motif-ligand interactions by using multidimensional
combinatorial screening.(9-12) In this approach, a library of
small molecules is probed for binding to a library of discrete
RNA motifs that are commonly found in the repertoire human
RNA structures (hairpins or internal loops, for example). By
selecting RNA motif-ligand binding partners, the optimal
RNA motifs that bind small molecules are defined and depos-
ited into the database. This database can be mined against
transcriptomic data and secondary structure predictions to
determine if a particular RNA has ligand-targetable motifs.
The small molecules that bind to these motifs serve as lead
compounds to target the RNA of interest.(13-16)

It was determined that 6'-N—S-hexynoate kanamycin A
(K), binds a 2x2 nucleotide pyrimidine-rich internal loop that
is present in the RNA that causes myotonic dystrophy type 2
(DM2).(9, 12, 13) DM2 is caused by an expanded r(CCUG)
repeat in intron 1 of the zinc finger 9 protein (ZNF9). The
expanded repeat folds into a hairpin with an array of 5'C
CUG/3'GUCC motifs. These loops serve as a high affinity-
binding site for Muscleblind-like 1 (MBNL1) protein, a regu-
lator of pre-mRNA splicing.(17) DM2 is associated with the
inactivation of MBNL1, which leads to a variety of pre-
mRNA splicing defects.(18, 19) By using the information that
K binds to RNA motifs like those present multiple times in
r(CCUG)*™, a potent in vitro inhibitor of the r(CCUG)**-
MBNLI interaction was designed. Specifically, the optimal
multivalent compound displays the K module with the same
periodicity as the array of 5S’"CCUG/3'GUCC motifs present in
r(CCUG)*.(13)

During the course of studies to understand the RNA targets
of 6'-N-5-hexynoate kanamycin A, it was determined that a
suboptimal motif for ligand binding is 5'CUG/3'GUC, the
motif that is highly reiterated in the expanded r(CUG) repeat
(r(CUG)**#) that causes myotonic dystrophy type 1 (DM1).
DM1 and DM2 share a similar molecular basis of disease as
both expanded repeats bind and inactivate MBNL1. The
r(CUG) expansion is also located in a non-coding sequence,
the 3' untranslated region (UTR) of the dystrophia myotonica
protein kinase (DMPK) mRNA.(20, 21)

It was hypothesized that the optimal distance between K
modules would be shorter for the DM1 RNA than the DM2
RNA due to the smaller size of the internal loop (FIG. 8).
Indeed, by decreasing the distance between K modules, a
modularly assembled compound that was selective for
r(CUG) repeats and potently inhibitory for the r(CUG)**-
MBNLI interaction in vitro was identified.(15) These studies
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established that both the nature of the RNA-binding module
and the spacing between modules are independent determi-
nants of RNA-binding properties of modularly assembled
ligands.

In this example, it is disclosed that second generation
modularly assembled compounds that target r(CUG)“* were
effective in cell culture and animal models of DM1. These
compounds were engineered for enhanced cellular perme-
ability and nuclear localization via conjugation to a D-Arg,
(DRg) molecular transporter.(22-25) Specifically, the
designer compounds improve pre-mRNA splicing defects in
cell culture and animal models, improve translational defects
in a cell-based model system, and disrupt the formation of
nuclear foci.

Results & Discussion

We previously reported that modularly assembled small
molecules displaying 6'-N-5-hexynoate kanamycin A (K)
inhibit the formation of the r(CUG)**-MBNL1 complex in
vitro.(13, 15, 16) The optimal compounds consist of a peptoid
backbone in which the K ligand modules are separated by two
propylamine spacers. The nomenclature for these structures
is nK-2, where n is the number of RNA-binding modules
displayed on a single chain (or valency), K indicates the
RNA-binding module (a conjugated version of 6'-N-5-hex-
ynoate kanamycin A), and the number after the dash indicates
the number of propylamine spacers between K modules. The
structures of these and related control compounds are shown
in FIG. 8.

The Bioactivity of nK-2 Compounds in DM1 Cell-Based
Model Systems.

The presence of r(CUG)** causes various defects in vivo,
including (i) dysregulation of pre-mRNA splicing controlled
by MBNLI1; (19, 26) (ii) nuclear retention and hence
decreased translation of r(CUG)**P-containing transcripts;
(27, 28) and, (iii) formation of nuclear foci, which consist of
r(CUG)**-protein aggregates. (29, 30)

Two cell-based models were used to determine if the opti-
mal compound from in vitro studies, 4K-2, could improve
DM1-associated defects. These assays were completed as
described previously.(31) First, the effect of 4K-2 on pre-
mRNA splicing was assayed in HelLa cells.(32) Briefly, cells
were co-transfected with a DM mini-gene that expresses 960
interrupted r(CUG) repeats and a cardiac troponin T (¢TNT)
pre-mRNA mini-gene.(31, 32) After transfection, the cells
were treated with compound in growth medium. ¢TNT alter-
native splicing (FIG. 10) was then analyzed by RT-PCR and
denaturing gel electrophoresis as previously described.(31)

The second model system mimics the DMPK translation
defect (FIG. 11). The C2C12 cell line was stably transfected
with the firefly luciferase gene in which r(CTG)g,, was
placed in the 3'UTR.(31) Expression of luciferase is low in
this cell line due to the binding of r(CUG),,, to MBNL1 and
other proteins, resulting in nuclear retention of the luciferase
mRNA. If a compound is efficacious, then an increase in
luciferase activity in cell lysates is observed.

In both model systems, 4K-2 was not active, or only very
slightly active at 10 uM (FIG. 10). Previous studies of the
cellular permeability of 2K-2 and 4K-2 showed that, although
the compounds are cell permeable, they localize mainly to the
perinuclear region.(13, 15, 16,33) We hypothesized that if the
cellular permeability and nuclear localization of the com-
pounds could be improved, then the compounds might be
efficacious.
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Cellular Permeability of nK-2-DR, Compounds.

To develop compounds with increased cellular permeabil-
ity and nuclear localization, the molecular transporter D-R,
(DRy) (23, 24) was conjugated onto 4K-2 to yield 4K-2-DR,
(FIG. 9). Previous studies have shown that multiple guani-
dinium units facilitate cellular uptake of cargo ranging from
small molecules to peptides and proteins. (23, 34) Further-
more, mechanistic studies have shown that poly arginines
enter mammalian cells through a variety of pathways that
include binding to cell surface heparin sulfate and endocy-
totic uptake.(35) Since many cell and tissue types present
heparin sulfate,(36) we envisioned that DR, conjugation
could engender compounds with the ability to more effi-
ciently enter a variety of cell lines and mouse tissues.

To study if the nK-2-DR,, compounds have enhanced cel-
Iular uptake relative to the parent molecules, flow cytometry
experiments were complete using the HeLa cell line since it
was also used to assay pre-mRNA splicing defects. Com-
pounds were added in growth medium to the cells and incu-
bated for 1.5 h. The cells were trypsinized from the surface
and stained with propidium iodide (detects dead or damaged
cells with compromised cell membranes). Since the com-
pounds are labeled with fluorescein, it was used to quantify
cellular permeability. Compound 4K-2 was only taken up by
ca. 1% of the cells in these conditions, while 4K-2-DR,, was
taken up by 13-fold higher number of cells. Two related
compounds were also studied, 4N-2-DR,, and 4Az-2-DR,
where N indicates the conjugation of 6'-N—S-hexyonate
neamine to the peptoid backbone and Az indicates the uncon-
jugated (azide-displaying backbone). 4N-2-DR, and 4K-2-
DR, have similar cellular permeabilities while 4Az-2-DR is
taken up by 75-fold more cells than 4K-2. It is likely that the
decreased cellular permeability of 4N-2-DR, and 4K-2-DR,,
relative to 4Az-2-DR,, is due to the highly cationic aminogly-
coside cargo. Confocal microscopy images confirm that
4K-2-DRs is permeable to almost all cells after longer incu-
bation times (16 h, FIG. 13). In all cases there is no change in
the number of cells that are stained by propidium iodide,
which indicates cell death relative to cells that are not treated
with compound (Table 4). Thus, addition of a DR, tag
enhances cell uptake by greater than 10-fold while not at the
expense of cell toxicity. Furthermore, addition of cargo (K or
N modules) onto a peptoid with DR, decreases uptake.

In Vitro Potency and Affinity of nK-2-DR, Compounds.

The potency of the second-generation compounds for dis-
ruption of the r(CUG), ,-MBNL1 complex are summarized in
Table 1. 2K-2-DR, and 4K-2-DR, disrupt the r(CUG),,-
MBNLI complex in vitro with ICs,’s of 1430+160 nM and
240+5 nM while the corresponding monomer, FITC-K has an
1C5,>250 uM. Once normalized for the number of K units, the
multivalent effect (37) for 4K-2-DR, is >250-fold. Control
peptoids in which the backbone in unconjugated (4Az-2-
DR,) or conjugated to a neamine derivative (4N-2-DR,) have
1Cy’s of 5400+510 and 1030+90 nM, respectively. Thus
display of the appropriate module, K, imparts improved
potency (by at least 5-fold) for the disruption of the pre-
formed r(CUG),,-MBNL1 complex. The observation that
both 4Az-2-DR, and 4N-2-DR, inhibit the r(CUG),,-
MBNL 1 complex suggests that addition of the DR, tag causes
some level of non-specific binding of the compounds to RNA,
which is not unexpected. This is further verified by the ICs,
for 4K-2, which is 16300 uM in this assay. The large difter-
ence in IC;, between 4K-2 and 4K-2-DR, is likely because
the DR,-conjugate occupies a larger amount of the RNA’s
surface area. A larger difference in potency was previously
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observed for 4K-2 and 4N-2 (>33-fold) than for 4K-2-DR,
and 4N-2-DR,, although these experiments were completed
using a different assay.(15)

We previously reported that the distance between K mod-
ules also affects potency and affinity.(15) As shown in FIG. 8,
the optimal distance for r(CUG)*? is afforded by two propy-
lamine spacing modules while the optimal distance for
r(CCUG)**? is four propylamines. In order to determine if
conjugation of DR, affects the optimal distance between K
modules for r(CUG)**®, the potencies of 2K-4-DR,, 3K-4-
DRy, and 2N-4-DR,, were determined (Table 1). As expected,
2K-4-DR, is a 38-fold weaker inhibitor of the r(CUG)-
MBNLI complex (IC5,=55 uM) than 2K-2-DR,,. Increasing
the valency to 3K-4-DR,, improves potency by ~2-fold (26
uM) but it is still a less potent inhibitor by ~18-fold than
2K-2-DR, and ~100-fold weaker inhibitor than 4K-2-DR,,.
Interestingly, 2N-4-DRj, is a better inhibitor than 2K-4-DR,,
(IC5=9 uM; ~6-fold worse than 2K-2-DRy), suggesting that
the optimal distance between RNA-binding modules is
ligand-dependent.

To further understand the nature of inhibition of the com-
plex and the effect of affinity of the RNA-ligand complex,
binding measurements were completed with 4K-2-DR,, and
the control compounds (Table 1). The RNA used in these
studies contains 12 5'CUG/3'GUC motifs or 24 r(CUG)
repeats (r(CUQG),,,.,) embedded in a hairpin cassette (15).
This construct was used so that comparisons could be made to
binding affinities reported previously.(15) The data are sum-
marized in Table 1.

The RNA-binding module, FITC-K, a fluorescently
labeled derivative of 6'-N-5-hexynoate kanamycin A has a
previously reported K, of 1 uM.(13) The affinities of the
modularly assembled compounds, however, are much higher.
For example, 4K-2 has a binding affinity of 4 nM and 4K-2-
DR, has a K ,0f 3.5 nM. 4K-2-DR,, binds to r(CUG), ,,,, with
a stoichiometry of 3.7+1.2. Since the RNA target contains 12
copies of the 5'CUG/3'GUC motif, the stoichiometry indi-
cates that the designed ligand is approximately interacting
with each 5'CUG/3'GUC motif. This was expected based on
previous experiments with 4K-2 and other related com-
pounds.(13)

Additionally, 4K-2-DR, was tested for binding to potential
cellular bystander RNA, using bulk yeast. The compound
interacts with tRNAs very weakly with a K, of greater than 2
uM. The control compounds, 4Az-2-DR, and 4N-2-DR,,
bind tRNA and r(CUG) , ,,,, very weakly; binding curves indi-
cate that the K ;’s are greater than 2 uM. The addition of the
uptake tag does induce some non-specific RNA binding, as
expected and as evidenced by the protein displacement data
(Table 1).

Biological Efficacy of nK-2-DR, Compounds in Cell-
Based Model Systems of DM1.

Next, the compounds and their appropriate controls were
studied for modulating the toxicity of r(CUG)** in cell-based
models of DM1. Three models were used that probe (i)
r(CUG)*? toxicity derived from pre-mRNA splicing defects
due to sequestration of MBNL1;(19, 26) (ii) r(CUG)** tox-
icity derived from nuclear retention, and thus reduced trans-
lation, of the DMPK mRNA;(27, 28) and, (iii) formation of
nuclear foci due to r(CUG)**-protein complexes.(29, 30)

Improvement of Pre-mRNA Splicing Defects.

Pre-mRNA alternative splicing was assayed in HelLa cells
as described above.(32) Briefly, cells were transfected with a
DM1 mini-gene that expresses 960 interrupted r(CUG)
repeats and a pre-mRNA splicing reporter mini-gene of inter-
est.(31, 32) We first investigated the effect of the compounds
on the alternative splicing of the cTNT mini-gene, (21) the

10

15

20

25

30

35

40

45

50

55

60

65

74

parent gene of which is mis-spliced in DM patients.(21, 38,
39) In healthy cells, MBNL1 binds upstream of exon 5 in the
¢TINT pre-mRNA and represses its inclusion.(38, 40) In the
DM1 model system, approximately 65% ofexon 5 is included
in ¢ ITNT mRNA in the absence of r(CUG)** while approxi-
mately 90% of exon 5 is included in the presence of
r(CUG)*? (FIG. 10).

As shown in FIG. 10, 2K-2-DR, and 4K-2-DR,, improve
the pre-mRNA splicing defect observed in the ¢TNT mini-
gene towards healthy/wild type levels (no r(CUG)** expres-
sion) at micromolar concentrations. For 2K-2-DR,, pre-
mRNA splicing defects improve ~50% when cells are treated
with 2 and 20 uM (two-tailed p value=0.0418) while no effect
is observed at lower concentrations. For 4K-2-DR,, pre-
mRNA splicing defects are only modestly affected at 1 and
0.1 uM; however, pre-mRNA splicing is restored to levels
observed in the absence of r(CUG)** when cells are treated
with 10 M compound (two-tailed p value=0.0309). Thus,
designed compounds improve pre-mRNA alternative splic-
ing towards a non-DM1-like state to varying extents, with
4K-2-DR, being more efficacious in vitro and in vivo.

A series of control experiments were also completed. First,
4Az-2-DR, and 4N-2-DR, were also studied for affecting
pre-mRNA splicing. The control compounds were chosen to
investigate the role of the RNA-binding module. The com-
pounds are weak in vitro inhibitors (Table 1). As shown in
FIG. 10, neither compound improves cTNT pre-mRNA splic-
ing. Additional control experiments demonstrated that nei-
ther 2K-2-DR,, nor 4K-2-DR, affect (i) the alternative splic-
ing of the cTNT mini-gene in the absence of r(CUG)** (FIG.
3B); (ii) the alternative splicing of a PLEKHH?2 mini-gene,
the alternative splicing of which is not regulated by MBNL1
(FIG. 10B); and (iii) the alternative splicing of endogenous
genes (CAMKK?2 and TTCS8) which are also not regulated by
MBNLI1.

Improvement of Translational Defects.

In order to determine if 2K-2-DR, or 4K-2-DR, can
improve DM1-associated translational defects, a stably trans-
fected cell line in which r(CUG)g, was placed in the 3' UTR
of firefly luciferase mRNA was used (FIG. 11).(31) As men-
tioned above, expression of luciferase is low due to the bind-
ing of r(CUG)g,, to MBNL1 and other proteins, resulting in
nuclear retention of the luciferase mRNA. In good agreement
with the results of the pre-mRNA splicing assays described
above, 2K-2-DR, and 4K-2-DR, increase the nuclear export
and translation of the luciferase mRNA as determined by an
increase in luciferase activity. For example, 0.3 and 1.2 uM of
each compound stimulates luciferase production by at best
20%. However, both compounds stimulate luciferase produc-
tion by over 50% and by as much as 90% when cells are dosed
with 5 or 20 uM compound. In contrast, no effect on
luciferase activity was observed when the cells were treated
with as much as 20 uM of the two control compounds, 4Az-
2-DR, and 4N-2-DR,.

Control assays were completed in which 2K-2-DR,, and
4K-2-DR, were tested for non-specific production of
luciferase by using a luciferase mRNA without r(CUG)*% in
the 3' UTR. No change in luciferase production was observed
when the cells were treated with as much as 20 uM 2K-2-DR,
or 4K-2-DR,.

Disruption of Nuclear Foci.

Another hallmark of DM 1-affected cells is the presence of
nuclear foci that consist of r(CUG)*®-protein complexes
(26). Therefore, a fluorescence in situ hybridization assay
(FISH) was used to probe if 4K-2-DR, can decrease the
occurrence of nuclear foci. HelLa cells were transfected with
the DM1 mini-gene and treated with 4K-2-DR,. The cells



US 9,260,476 B2

75

were then probed with a 2'-O-methyl oligonucleotide labeled
with Cy3 that is complementary to r(CUG)*?. The cells were
then imaged via confocal microscopy (FIG. 12). In the
absence of 4K-2-DR,, multiple nuclear foci are observed in
each cell, which correspond to r(CUG)**-protein complexes
(FIG. 12a). Upon addition of 4K-2-DR,, however, there is a
marked reduction in the number of the nuclear foci and the
small number of foci that remain are much smaller in size
compared to those observed in untreated cells. Since 4K-2-
DR, is labeled with fluorescein, cellular permeability and
localization can also be imaged. Fluorescence from the com-
pound is observed in almost every cell and is highly abundant
in the cytoplasm with some nuclear localization.

The microscopy data support the results obtained from the
luciferase reporter system used to assay the DM1 transla-
tional defect. For example, if 4K-2-DR, was completely
localized to the nucleus, then it could cause a further decrease
in the production of luciferase by increasing the transcript’s
nuclear retention. The observation that 4K-2-DR, however,
enhances luciferase production and is mainly cytoplasmic
with some nuclear localization lends some support to a
mechanism in which 4K-2-DR,, binding to r(CUG)**#, dis-
places MBNL1 and enables cytoplasmic transport.

4K-2-DRy Improves Pre-mRNA Splicing Defects in a
Mouse Model of DM1.

A mouse model of DM1 has been reported in which
expanded r(CUG) repeat are expressed using a skeletal actin
promoter (HSA%).(20) The presence of the repeats causes
the mis-splicing of the muscle-specific chloride ion channel
(Clenl) and the sarco(endo)plasmic reticulum Ca** ATPase 1
(Sercal/Atp2al) pre-mRNAs.(41-44) Normal adult mice
have a Clcnl exon 7a exclusion rate of 96%; DM1 mice have
an exclusion rate of 61% (FIG. 13). When DM1 mice are
dosed with 80 mg/kg of 4K-2-DR,, the exclusion rate is
partially rescued to 71% (FIG. 13). These improvements in
splicing are statistically significant as determined by at t test
(p=0.0022). Atp2al mis-splicing is also partially rescued. In
normal adult mice, the inclusion rate for exon 22 is 100%
while the inclusion rate in the HSAZ® line is only 10% (FIG.
13). When mice are dosed with 80 mg/kg of 4K-2-DR,,
splicing is partially rescued with an inclusion rate of 26%
(FIG. 13). Again, the improvement in splicing is statistically
significant (p=0.0491).

Comparison to Other Studies.

Previous studies have reported three other compounds that
improve DM1-associated defects in cell culture. They include
pentamidine, (32) a bis-benzimidazole (H1), (45) and modu-
larly assembled compounds displaying a derivative of
Hoechst 33258 as the RNA-binding module (2H-4, 3H-4, and
4H-4).(31) The concentrations required to afford bioactivity
is much greater with the lower molecular weight and thus
more “drug-like” small molecules (pentamidine and H1) than
with the modularly assembled structures. For example, the
1C,,’s of H1 and pentamidine that improve pre-mRNA splic-
ing defects are 500 and 50 pM, respectively.(32, 45) The
modularly assembled structure 2H-4, 3H-4, and 4H-4 restore
splicing patterns to levels that are observed in the absence of
r(CUG)** at low micromolar concentrations (10, 50, or 50
uM, respectively).(31) Thus, 2K-2-DR, and 4K-2-DR,, are as
effective in these cell-based assays as other modularly
assembled compounds targeting r(CUG)** but are much
more effective than bioactive monomeric ligands.

Improvement of the translational defect was also probed
with the modularly assembled Hoechst 33258 compounds.
(31) 2H-4, 3H-4, and 4H-4 increased translation by 100% at
6, 3, and 3 uM, respectively. 2K-2-DR,, and 4K-2-DR, also
stimulate translation; dosing of 20 uM of either compound
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increases translation by 80-90%. Thus, 2K-2-DR,, and 4K-2-
DR, are slightly less effective than the nH-4 compounds that
were previously described.

METHODS. Quantitative Time-Resolved Fluorescence
Resonance Energy Transfer (QTR-FRET) Assay.

The qTR-FRET assay used to identify lead inhibitors of the
r(CUG), ,-MBNL1 complex is based on previously published
report.(46) Briefly, 5'-biotinylated r(CUG) , was folded in 1x
Folding Buffer (20 mM HEPES, pH 7.5, 110 mM KCl, and 10
mM NaCl) by heating at 60° C. followed by slowly cooling to
room temperature on the bench top. The buffer for r(CUG),
was adjusted to 1x Assay Buffer 20 mM HEPES, pH 7.5, 110
mM KCl, 10 mM NaCl, 2 mM MgCl,, 2 mM CaCl,, 5 mM
DTT,0.1% BSA, and 0.5% Tween-20) and MBNL1-His was
added. The final concentrations of RNA and MBNL1 were 80
nM and 60 nM, respectively. The sample was allowed to
equilibrate at room temperature for 5 min, and then the com-
pound of interest was added. After 15 min, strepatividin-
XL665 (cisbio Bioassays) and anti-Hisg-Tb (cisbio Bioas-
says) were added to final concentrations of 40 nM and 0.44 ng
uL™!, respectively, in a total volume of 10 uL. The samples
were incubated for 1 h at room temperature and then trans-
ferred to a well of a white 384-well plate.

Time-resolved fluorescence was measured on a Molecular
Devices SpectraMax M5 plate reader. Fluorescence was first
measured using an excitation wavelength of 345 nm and an
emission wavelength of 545 nm (fluorescence due to Th).
TR-FRET was then measured by using an excitation wave-
length 0f 345 nm, an emission wavelength of 665 nm, a 200 ps
evolution time, and a 1500 us integration time.

Theratio of fluorescence intensity of 545 nm and 665 nm as
compared to the ratios in the absence of ligand and in the
absence of RNA were used to determine IC.,’s. The percent-
age of MBNL1 binding that was inhibited was plotted versus
ligand concentration and the resulting curve was fit to Sigma-
Plot’s 4-parameter logistic function in order to determine the
1C5, (Equation 1):

A-D
X\ Hillslope
1C50)

Equation 1
y=D+

1+(

where y is the percentage of MBNL1 bound, D is the mini-
mum response plateau, A is the maximum response plateau,
and x is the concentration of ligand. A and D are typically
100% and 0%, respectively. In cases of weak inhibition,
1C,,’s were determined by fitting the curves to a straight line.

RNA Binding Assays.

The affinities of RNA-ligand complexes were determined
as described using a fluorescence emission-based assay.
Briefly, RNA was annealed in 1xMBNL Buffer (50 mM Tris
HCI, pH 8.0, 50 mM NaCl, 50 mM KCIl, 1 mM MgCl,)
without MgCl, by incubating at 60° C. for 5 min followed by
slowly cooling to room temperature. Then, MgCl,, BSA, and
ligand of interest were added to final concentrations of 1 mM,
40 ug mL, and 100 nM, respectively. The RNA was serially
diluted in 1xMBNL buffer containing 40 pug mL.~! BSA and
100 nM ligand and incubated for 1 h at room temperature.
Fluorescence intensity was determined using a BioTek FLX-
800 plate reader. Scatchard analyses were completed to deter-
mine stoichiometry and dissociation constants, accounting
for statistical effects by using a functional form of the Scat-
chard equation for large ligands binding to a lattice (Equation
2) (47, 48):
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1-Wv/N

1 Equation 2
1-(- l)v/N]

v_N(l—lv/N)
[T (

where v is the moles of ligand per moles of RNA lattice, [L]
is the concentration of ligand, N is the number of repeating
units on the RNA, 1is the number of consecutive lattice units
occupied by the ligand, and k is the microscopic dissociation
constant. This equation simplifies to the commonly used form
of'the Scatchard equation for simple systems.(47, 48) Experi-
ments were completed in triplicate and the reported errors are
the standard deviations in those measurements.

Improvement of Splicing Defects in a Cell Culture Model
Using RT-PCR.

In order to determine if the compounds improve splicing
defects in vivo, a previously reported method was employed.
(32) Briefly, HeLa cells were grown as monolayers in 96-well
plates in growth medium (1xDMEM, 10% FBS, and 1x
GlutaMax (Invitrogen)). After the cells reached 90-95% con-
fluency, they were transfected with 200 ng of total plasmid
using Lipofectamine 2000 reagent (Invitrogen) per the manu-
facturer’s standard protocol. Equal amounts of a plasmid
expressing a DM1 mini-gene with 960 CTG repeats (21) and
a mini-gene of interest (¢TNT (21) or PLEKHH2 (40)) were
used. Approximately 5 h post-transfection, the transfection
cocktail was removed and replaced with growth medium
containing the compound of interest. After 16-24 h, the cells
were lysed in the well, and total RNA was harvested with a
Qiagen RNAFasy kit. An on-column DNA digestion was
completed per the manufacturer’s recommended protocol.

A sample of RNA was subjected to reverse transcription-
polymerase chain reaction (RT-PCR) as previously described
(40) except 5 units of AMV Reverse Transcriptase from Life
Sciences were used. Approximately 300 ng were reverse tran-
scribed, and 150 ng were subjected to PCR using a radioac-
tively labeled forward primer. RT-PCR products were
observed after 25-30 cycles of: 95° C. for 1 min; 55° C. for 1
min; 72° C. for 2 min and a final extension at 72° C. for 10
min. The products were separated on a denaturing 5% poly-
acrylamide gel and imaged using a Typhoon phosphorimager.

Control experiments were also completed in which HelLa
cells were transfected with a plasmid encoding a mini-gene
with five CTG repeats in the 3' UTR or with a mini-gene that
encodes a pre-mRNA whose splicing is not controlled by
MBNL1 (PLEKHH?2; (40)). The effect of the compound on
the splicing of endogenous mRNAs not regulated by MBNL1
(TTC8 and CAMKK?2) was also determined as previously
described.(32) Differences in alternative splicing were evalu-
ated by at t test. Please see the Supporting Information for a
list of the primers used for each gene.

Disruption of Nuclear Foci Using Fluorescence In Situ
Hybridization (FISH) (32).

HeL a cells were grown as monolayers in Mat-Tak glass-
bottomed, 96-well plates. After the cells reached 90-95%
confluency, they were transfected with 200 ng of a plasmid
encoding a DM1 mini-gene (21) using Lipfoectamine 2000
per the manufacturer’s standard protocol. The transfection
cocktail was removed 5 h post-transfection, and the com-
pound of interest was added in growth medium.

After 16-24 h, the cells were washed with 1xDPBS and
fixed with 4% paraformaldehyde in 1xDPBS for 10 min at
37° C./5% CO,. After washing with 1xDPBS, the cells were
permeabilized with 1xDPBS+0.1% Triton X-100 for 10 min
at room temperature. The cells were washed with 1xDPBS+
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0.1% Triton X-100 and then with 30% formamide in 2xSSC
Buffer (30 mM sodium citrate, pH 7.0, 300 mM NaCl) for 10
min at room temperature.

The cells were incubated in 1xFISH Buffer (30% forma-
mide, 2xSSC Buffer, 66 ug mL~! bulk yeast tRNA, 2 ug mL™*
BSA, 2 mM vanadyl complex (New England Bio Labs)and 1
ng pul~! DY547-2'0Me-(CAGCAGCAGCAGCAGCAGC))
for2hat 37° C. They were then washed with 30% formamide
in 2xSSC for 30 min at 42° C., 1xSSC for 30 min at 37° C.,
and 1xDPBS+0.1% Triton X-100 for 5 min at room tempera-
ture. Finally, nuclei were stained by incubating the cells with
1 ug mL~" DAPI for 5 min at room temperature. The cells
were washed with 1xDPBS+0.1% Triton X-100, and 100 plL,
of 1x DPBS were added to each well. The cells were imaged
using an Olympus FluoView 1000 Confocal Microscope at
60x magnification.

Treatment in Mice.

All experimental procedures, mouse handling, and hus-
bandry were completed in accordance with the Association
for Assessment and Accreditation of Laboratory Animal
Care. A mouse model for DM1, HSA®® in line 20b, (20) was
used to investigate if 4K-2-DR,, improves splicing defects in
animals. HSAZ® mice express human skeletal actin RNA with
r(CUG)*? in the 3' UTR. Age- and gender-matched HSAZ®
mice were injected intraperitoneally with 80 mg/kg 4K-2-
DR, in saline or saline alone once per day for 7 days. Mice
were sacrificed one day after the last injection. The vastus
muscle was removed, and the RNA was extracted. cDNA was
synthesized as previously described.(44) PCR amplification
was carried out for 22-24 cycles with the following primer
pairs: Clenl forward: 5'-TGAAGGAATACCTCACACT-
CAAGG and reverse: 5'-CACGGAACACAAAGGCACTG;
Atp2al forward: 5'-GCTCATGGTCCTCAAGATCTCAC
and reverse: 5'-GGGTCAGTGCCTCAGCTTTG. The PCR
products were separated by polyacrylamide gel electrophore-
sis, and the gel was stained with SYBR Green I (Invitrogen).
The gel was imaged with a laser fluorimager (Typhoon, GE
Healthcare) and the products quantified using ImageQuant.
At t test was used to determine the statistical significance of
differences between two groups.
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Methods for the Chemical Synthesis of nY-X-DR, Com-
pounds
Instrumentation.

Mass spectra were recorded on an ABI 4800 MALDI-TOF
spectrometer. Preparative HPLC purifications and analytical
HPLC were completed on a Waters 1525 Binary HPL.C Pump
equipped with a Waters 2487 Dual Absorbance Detector sys-
tem. Sonication was performed using a Branson Bransonic®
5210 sonicator (140 watts, 47 kHz). Resin was agitated by
shaking on a Thermolyne Maxi-Mix III™ shaker.

Chemicals.

Fmoc-protected Rink amide resin and diisopropylcarbodi-
imide (DIC) were from Anaspec; N—N-dimethylformamide
(DMF) was from VWR and was used without further purifi-
cation; bromoacetic acid and HPLC grade acetonitrile were
from Sigma Aldrich; 3-bromopropylamine hydrobromide
was from TCI or Fluka; all other reagents were from Acros or
Alfa Aesar and were used without further purification except
piperidine, which was distilled prior to use.

HPLC.

Component A is water+0.1% trifluoroacetic acid (TFA)
(v/v). Component B is acetonitrile+0.1% TFA (v/v). Absor-
bance was monitored at 254 nm.

Peptoid Synthesis.

Fmoc-protected Rink amide (AnaSpec) polystyrene resin
(115 mg, 100 pmol) was placed in a solid phase reaction
vessel and swollen in DCM (5 mL) for 30 min. The DCM was
drained and the resin was swollen in DMF (5 mL) for 30 min.
The DMF was drained, and the resin was deprotected with 4
mL of 20% piperidine in DMF for 40 min with shaking at 800
rpm. The deprotection step was repeated twice. The DMF was
drained, and the resin was washed with rDMF (5x3 ml.) and
dDMF (5x3 mL); rDMF refers to ACS certified DMF
whereas dDMF refers to anhydrous DMF.

Bromoacetic Acid Coupling Step:

The deprotected resin was coupled with bromoacetic acid
(1 mL, 2 M in DMF) and DIC (1 mL, 1 M in DMF), using a
conventional microwave for 3x15 s. This process was
repeated twice.

The binding affinity and stoichiometry for RNA and the potency for inhibition of

the r(CUG)-MBNLI complex.

ICs, for
tRNA 1(CUG)-
1(CUG) 5,0 K MBNL1
Compounds K, (nM) Stoichiometry  (nM)  Stoichiometry (uM)* M.V2
FITC-K 1000 = 250° 11°¢ >10000 ND >250 —
4K-2 4£1° 2.6° >2000 <1:10 161 >4
2K-4 NM NM NM NM 170 = 14 >0.7
3K-4 NM NM NM NM 93 =10 >0.9
2K-2-DRy NM NM NM NM 1.43 £0.16 >R7
2K-4-DRy NM NM NM NM 55 +0.7 >2
2N-4-DRy NM NM NM M 9x1 >13
3K-4-DRy NM NM NM NM 26+ 6 >3
4K-2-DRy 35+1.8 37+1.2 >2000 <1:10 0.240 £0.005  >260
4Az-2-DRy >2000 <1:5 >2000 <1:10 5.4£051 >11
4N-2-DRg >2000 <1:5 >2000 <1:10 1.03 £0.09 >60
MBNL1 250°¢ — NM NM NM —

“These experiments were completed by using the qTR-FRET assay described in the Methods section. The 1(CUG);¢-MBNLI1
complex was pre-formed followed by addition of MBNL1; thus, the ICsq’s are for displacement.

alues for multivalent effects. These values are calculated by normalizing the ICs for the number of RNA-binding modules

displayed on a peptoid backbone by the ICsq for the K module, or FITC-K.(15)
“Data were taken from a previous report.(15)
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Amine Displacement:

After the bromoacetic acid step, the bromide group was
displaced with appropriate amine (3-azidopropylamine or
proplyamine) DMF (2 mL) and the amine (1 mL) were added
to the resin, and the resin was agitated in a conventional
microwave for 3x15 s. This process was repeated twice.

Addition of Fmoc-Arg (Pb])-OH:

To the resin-bound peptoid (50 pmol) was added DMF (1
ml) containing D-Fmoc-Arg (Pbf)-OH (0.162 mg, 250
umol), HOAt (0.034 mg, 250 pmol) and DIC (250 pmol, 0.48
ml). The mixture was stirred overnight. The solution was
drained, and the resin was washed with rDMF (4x3 ml.) and
dDMF (4x3 mL). The Fmoc group was then deprotected with
20% piperidine. This deprotection was repeated twice. Eight
additional couplings and deprotections of D-Fmoc-Arg (Pbf)
were completed to afford the desired nAz-2-DR,, conjugate.
The coupling of the last eight D-Fmoc-Arg (Pbf)-OH’s was
performed for at least 3 h.

Fluorescein Labelling of 2Az-X-DR,, 3Az-X-DR, and
4Az-X-DR, Peptoid conjugate:

The resin-bound DR, conjugate (10 umol) was washed
with methanol (3x5 ml) and DCM (3x5 mL). To this was
added 2 mL of N-methyl-2-pyrrolidone (NMP) containing
Fmoc-6-aminohexanoic acid (30 umol, 3 equivalents for
nAz-2-DR, conjugates and 50 pmol for nAz-4-DR, conju-
gates), 8.0 mg of PyBOP (30 umol, 3 equivalents), 50 uL of
N,N-diisopropylethylamine (DIPEA), and 50 umol 0of 0.5 M
HBTU (in NMP). The resin was shaken at 800 rpm at room
temperature overnight. The solution was drained and resin
washed with rDMF (3x5 mL) and dDMF (3x5 mL). The
Fmoc group was deprotected by shaking the resin with 1 mL
of 20% piperidine in DMF for 50 min. The solution was
drained and resin washed extensively with rtDMF (6x5 mL.)
followed by dDMF (6x5 mL). Then to the reaction vessel was
added 4(5)-carboxyfluorescein (50 umol, 19 mg), HOBt (80
pmol, 11 mg), DMF (0.1 mLL) and DIC (0.2 mL,, 1 M in DMF).
The resin was then stirred at room temperature overnight.

Conjugation of 1,3,3"-Tri-N(tert-butoxycarbonyl)-6'-N-5-
hexynoate kanamycin A to the nAz-X-DR, peptoid conju-
gates:

The resin-bound peptoid DR, conjugate (5 pmol for nAz-
2-DR,, conjugates and 10 pmol for nAz-4-DR,, conjugates)
was washed with methanol (3x5 mL.) and DCM (3x5 mL) and
air-dried. The samples were transferred to a glass vial to
which Boc-protected 6'-N-5-hexynoate kanamycin A was
added (10 equivalents per click site: 44 mg for 2Az-2-DR,
and 90 mg for 4Az-2-DR,, conjugate; 88 mg for 2Az-4-DRg;
130 mg for 3Az-4-DR,). The glass vial was sealed with a
rubber septum and purged with argon for 20 min. Then, 2 mL
of the prepared catalyst solution (0.1 M copper acetate, 1 M
DIPEA, 0.1 M ascorbic acid and 0.01 M TBTA in pyridine/
DMF, 3:7) were added via syringe. The reaction vial was
sonicated for 10 min and then heated at 50° C. in sand bath for
4 days for nAz-2-DR,, conjugates and 3 days for nAz-4-DR,
conjugates. After this, the solution was drained. The resin was
transferred to a solid-phase reaction vessel and washed with
DMF (5x5mlL), 2% ascorbic acid in pyridine (5x5 mL), DMF
(5x5 mL), methanol (5x5 mL) and finally with DCM (5x5
mL).

The peptoid conjugate was then cleaved from the resin
using 60% TFA in DCM by shaking for 2 h at room tempera-
ture. The solution was lyophilized and the residue dissolved
in water fornAz-2-DR,, conjugates and 10:90 methanol:water
for nAz-4-DR,, conjugates. The product was purified by pre-
parative HPLC using a gradient of S m[./min, 10% to 100% B
in A over 45 min. Fractions were analyzed by MALDI-TOF.
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Fractions containing product were concentrated to dryness,
lyophilized from water, and washed with cold ether.
Neamine conjugates were synthesized analogously using
Boc-protected 6'-N-5 hexynoate neamine.
Characterization of New Compounds Including Mass
Spectra and Analytical HPL.C Traces

TABLE 2
Summary of HPLC retention times (tz) and masses of nY-X-DR,
compounds
Observed prep. isolated
Ligand Exact Mass HPLCt;  yield
Formula Mass (+H") m/z (min) (%)
2K-2-DR, C40H555Ns60,44 3529 3529 8.2 22
4K-2-DRo Ci31HyoNgoOas 5362 5363 9 20
2A7-2-DRy  CjoH;6NygOs0 2373 2373 22 26
4Az-2-DRy  Cj19H5¢7N5905; 3049 3049 23 24
4N-2-DRg 110H07N5605, 4714 4716 10 21
2K-4-DRy C16:H57NsgO46 3760 3760 10
3K-4-DRy C511H30N70063 4890 2446 9
(M +2H/2)
2A7-4-DRy  Cy  H,geNsqO5r 2751 2751 20
3A7-4-DRy  Cj36H530Nsg057 3108 3108 22
2N-4-DRy C47H50Ns5036 3443 3443 29
+K*
List of Primers Used for RT-PCR Analysis
TABLE 3
Primer sets used for RT-PCR analysis of alterna-
tive splicing.
Gene Forward Primer Reverse Primer
CTNT 5' GTT CAC AAC CAT5' GTT GCA TGG CTG
mini-gene CTA AAG CAA GAT G GTG CAG G

PLEKHH2 5' CGG GGT ACC AAAS' CCG CTC GAG CCA

mini-gene TGC TGC AGT TGA TTC ATG AAG TGC ACA
CTC TCC GG

TTC8 5' AGC TAT TTT AGGS5' TTT TCA TCC AGC
CGC AGG AAG T ATC ATT TCT G

CAMKK2 5' CCT GGT GAA GACS5' GGC CCA GCA ACT
CAT GAT ACG TTC CAC

Summary of Flow Cytometry Data

TABLE 4

Cellular permeability and toxicity of 4K-2 and
4X-2-DRq compounds.

Percentage of
Cells With
Compound (FITC)

Percentage of
Cells Stained with
Propidium Iodide

Untreated — 10

4K-2 <1 10

4K-2-DR9 13 10

4N-2-DR9 12 14

4Az-2-DR9 75 11
Example 9

RNA is an important drug target, but it is difficult to design
or discover small molecules that modulate RNA function. In
this example, we describe that rationally designed, modularly
assembled small molecules that bind the RNA that causes
myotonic dystrophy type 1 (DM1) are potently bioactive in
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cell culture models. DM1 is caused when an expansion of
r(CUG) repeats, or r(CUG)**, is present in the 3' untranslated
region (UTR) of the dystrophia myotonica protein kinase
(DMPK) mRNA. r(CUG)*?* folds into a hairpin with regu-
larly repeating 5'CUG/3'GUC motifs and sequester mus-
cleblind-like 1 protein (MBNL1). A variety of defects are
associated with DM 1 including: (i) formation of nuclear foci,
(ii) decreased translation of DMPK mRNA due to its nuclear
retention, and (iii) pre-mRNA splicing defects due to inacti-
vation of MBNL1, which controls the alternative splicing of
various pre-mRNAs. Modularly assembled ligands targeting
r(CUG)** were designed using information in an RNA
motif-ligand database. It was shown that a bis-benzimidazole
(H) binds the 5'CUG/3'GUC motif in r(CUG)*®. Therefore,
multivalent ligands were designed to bind multiple copies of
this motif simultaneously in rf(CUG)**#. The designed com-
pounds improved DMIl-associated defects including
improvement of translational and pre-mRNA splicing defects
and the disruption of nuclear foci. These studies establish a
foundation to exploit other RNA targets in genomic sequence.

Genome sequencing studies have deposited a wealth of
information in public databases.(1, 2) The ultimate use of
such information is the development of pharmaceutical
agents to treat diseases. Various approaches have validated
many targets for small molecule drugs in genomic sequence.
(3, 4) Genomic sequencing and functional genomics efforts
have provided information on RNA as potential drug target.
For example, non-coding RNAs have been shown to regulate
cellular pathways and their disregulation can cause disease.
(5, 6) Despite the great potential of RNA as a drug target for
small molecules, the vast majority of RNA targets remain
unexploited. This is mainly due to the difficulty in identifying
lead ligands that target RNA with high affinity and specificity
using standard high throughput screening approaches. In an
effort to expedite the identification and design of selective and
potent small molecules targeting RNA, a database of RNA
motif-ligand interactions identified using a variety of meth-
ods (7-10) is being constructed. The database can serve as a
rich source of lead small molecules that bind RNA.

During the course of studies aimed at populating the RNA
motif-ligand database, it was determined that small mol-
ecules bind RNA internal loops that are present in repeat-
containing transcripts that cause neurological diseases. These
include the S'CUG/3'GUC (FIG. 38) and 5'CCUG/3'GUCC
motifs present in myotonic dystrophy types 1 and 2 (DM1 and
DM2), respectively.(11-13) Since each transcript with
expanded repeats contains regularly repeating copies of the
targetable motifs, modular assembly strategies were devel-
oped to bind multiple motifs simultaneously (FIG. 38). (11,
13, 14) In order to target the S'CUG/3'GUC motifs found in
r(CUG)**, a series of compounds with different valenices
(numbers) of a bis-benzamidazole using a peptoid backbone
were synthesized (FIG. 39). The compounds bind r(CUG)**
with nanomolar affinities and inhibit the r(CUG)**?-MBNLI1
complex in vitro with nanomolar ICs,’s (Table 5).(13)

In DM, the expanded r(CUG) repeat, or r(CUG)*?,
resides in the 3' untranslated region (UTR) of the dystrophia
myotonica protein kinase (DMPK) mRNA. The expanded
repeats cause disease by binding to muscleblind-like 1 pro-
tein (MBNL1). Sequestration of MBNL1 by the repeats
causes defects in the alternative splicing of the cardiac tropo-
nin T (¢TNT), the muscle-specific chloride ion channel, and
the insulin receptor pre-mRNAs, among others.(15-17) In
addition, a translational defect in DMPK is observed because
the complex formed between r(CUG)** with various proteins
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including MBNL 1 leads to formation of nuclear foci and thus
reduced nucleocytoplasmic transport of the DMPK mRNA.
(18, 19)

This example describes that the designed compounds dis-
playing multiple copies of a bis-benzimidazole (FIG. 39)
improved DM1-associated defects in cell culture models. In
particular, they improve alternative splicing defects observed
for the cTNT pre-mRNA, improved nucleocytoplasmic trans-
port and hence translational levels, and disrupted nuclear foci
to varying extents.

Modularly assembled compounds containing multiple
copies of a ligand that binds the 5'CUG/3'GUC bind
r(CUG)** and inhibit the r(CUG)*?-MBNLI interaction in
vitro (Table 5).(13) The compounds consist of a peptoid back-
bone that displays multiple copies of a bis-benzimidazole (H)
separated by spacing modules (FIG. 39).(13) The number of
spacing modules has been optimized to span the two GC pairs
that separate each of the 1x1 nucleotide UU internal loops in
the DM1 RNA (FIG. 38). The compounds have the general
format nH-4 where n is the number of ligand modules, or
valency, H indicates the RNA-binding ligand module (Ho-
echst-like, FIG. 39), and 4 indicates the number of spacing
modules between H’s (FIG. 39). These compounds bind to
r(CUG)** with greater affinity and specificity than MBNL1.
(13) They inhibit MBNL1 binding and displace MBNL1 from
r(CUG)*% in vitro with nanomolar potencies (Table 5).(13)

nH-4 Compounds Improve Alternative Splicing Defects in
a DM1 Cell Culture Model.

To assess the biological activity of the designer com-
pounds, we determined whether they could improve pre-
mRNA splicing defects that are associated with DM1 in a cell
culture model. HeLa cells were co-transfected with plasmids
encoding a DM1 mini-gene that contains 960 interrupted
CTG repeats and a ¢TNT mini-gene.(20, 21) ¢INT pre-
mRNA is mis-spliced in DMI1 patients.(21-23) In normal
cells, MBNLI binds upstream of exon 5 in the ¢TNT pre-
mRNA and represses its inclusion.(22, 24) After transfection,
cells were treated with 2.5-25 uM of 2H-4 or 5-50 uM of
3H-4,4H-4, or SH-4. Their effects on splicing defects, indica-
tive of the ability to displace MBNLI1 from r(CUG)**%, was
determined was determined by reverse transcription poly-
merase chain reaction (RT-PCR) as previously described
(20).

As shown in FIG. 40, statistically significant improvement
of splicing defects was observed for 2H-4, 3H-4, and 4H-4
while only modest improvement was observed for SH-4. That
is, splicing is improved to approximately wild type levels
when cells are treated with 25 and 5 pM 2H-4 (with two-tailed
p-values of 0.0014 and 0.0083, respectively), S0 uM 3H-4
(with a two-tailed p-value 0 0.0412), and 50 and 10 uM 4H-4
(with two-tailed p-values 0f 0.0061 and 0.0035, respectively).
Based on the corresponding in vitro potencies (Table 5), it
was expected that the higher valency oligomers would be
more effective at improving splicing defects. However, both
4H-4 and 5H-4 were not completely soluble in cell culture
medium, with SH-4 being less soluble than 4H-4. The H
monomer was also tested in order to determine if it could
restore splicing patterns in the DM1 cell culture model. No
effect on splicing was observed when cells were treated with
up to 100 uM H. Thus, modular assembly affords bioactive
compounds even when the RNA-binding modules are not
bioactive. It should be noted that no toxicity is observed in
cell culture at concentrations of the ligands that are bioactive,
as assessed by changes in cell morphology and cell death.

Control experiments were also completed in which Hel.a
cells were co-transfected with a mini-gene containing only
five CTG repeats (21) and the ¢cTNT mini-gene.(21) The
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compounds do not affect cTNT splicing in the absence of
r(CUG) repeats. Moreover, the nH-4 compounds have no
effect on the alternative splicing of PLEKHH?2 pre-mRNA,
which is not controlled by MBNL1. (The PLEKHH2 mini-
gene is described in reference (20).)

Previously, the small molecule pentamidine was found to
improve DM1-associated pre-mRNA splicing defects. The
1C4, of pentamidine for improving ¢TNT splicing defects is
~50 uM, (20) which is 5-fold higher than the concentration of
2H-4 that improves splicing defects to approximately wild
type levels (FIG. 40). Thus, modular assembly provides
designed compounds that are more bioactive than lower
molecular weight compounds that are classically more “drug-
like.”

nH-4 Compounds Improve DM1 Translation Defects in a
Cell Culture Model.

Next, compounds that improved splicing defects were
tested for their ability to improve the DMPK translational
defect observed in DM1-affected cells. A C2C12 cell line that
stably expresses the firefly luciferase gene containing a
(CTG)ggo expansion in the 3' UTR was employed for these
studies. As in DM1-affected cells, the presence of r(CUG)4,,
causes nuclear retention of the luciferase mRNA and thus
decreased expression of luciferase. If our compounds disrupt
the r(CUG)g,o-MBNLI1 interaction, then the luciferase
mRNA will be more efficiently exported into the cytoplasm
and translated, which is correlated to the luciferase activity in
cell extracts (FIG. 41).

Each of the three compounds, 2H-4, 3H-4, and 4H-4,
stimulate production of luciferase when the transcript’s
3'UTR contains r(CUG)gq, (FI1G. 41). There is at least a 150%
increase in luciferase activity when cells are treated with 25
uM of 2H-4, or with 10 uM of 3H-4 or 4H-4. An =~100%
increase is observed when cells are treated with 2.5 uM of
3H-4 or 4H-4. Increased luciferase activity is not observed
when a stably transfected cell line expressing a luciferase
construct that does not contain (CTG)gq, is treated with 50
uM of 2H-4, 3H-4, or 4H-4. Thus, the effect of the compounds
is specific to the presence of r(CUG)*?. That is, the com-
pounds do not generally upregulate translation or specifically
upregulate translation of the luciferase mRNA.

Of the four compounds tested, 2H-4 most effectively
improves pre-mRNA splicing defects while 3H-4 most effec-
tively improves the DMPK mRNA translational defect. These
differences may be traced to the synergistic ability of com-
pounds to bind r(CUG)*? in vivo while simultaneously
enabling the ligand-bound expanded repeat to be transported
to the cytoplasm for translation. It could be that 2H-4 shows
improved cellular permeability and nuclear localization,
leading to disruption of the RNA-MBNL1 complex and res-
toration of MBNL1 activity. The extent of cytoplasmic trans-
port may be greater with 3H-4 due to its ability to sequester a
larger amount of the RNA’s surface area and prevent the
binding of other proteins such as CUGBP1, MBNL2, and
MBNL3.(25, 26)

nH-4 Compounds Disrupt Nuclear Foci.

Another hallmark of DM1 is the presence of nuclear foci
caused by aggregates of r(CUG)*® and various proteins
including MBNL1.(26-31) Thus, it was determined if nH-4
compounds can disrupt formation of nuclear foci. Hel.a cells
were transiently transfected with the DM1 mini-gene (21)
and treated with an nH-4 modularly assembled compound.
Fluorescence in situ hybridization (FISH) was then used to
visualize the r(CUG)**#. As shown in FIG. 42, the number of
foci is decreased and the foci are more diffuse when cells are
treated with 25 pM of 2H-4 or 3H-4.
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METHODS. Improvement of Splicing Defects in a Cell
Culture Model Using RT-PCR.

In order to determine if nH-4 compounds improve splicing
defects in vivo, a previously reported method was employed.
(20) Briefly, HelLa cells were grown as monolayers in 96-well
plates in growth medium (1xDMEM, 10% FBS, and 1x
GlutaMax (Invitrogen)). After the cells reached 90-95% con-
fluency, they were transfected with 200 ng of total plasmid
using Lipofectamine 2000 reagent (Invitrogen) per the manu-
facturer’s standard protocol. Equal amounts of a plasmid
expressing a DM1 mini-gene with 960 CTG repeats (21) and
a mini-gene of interest (¢TNT (21) or PLEKHH2 (24)) were
used. Approximately 5 h post-transfection, the transfection
cocktail was removed and replaced with growth medium
containing the compound of interest. After 16-24 h, the cells
were lysed in the well, and total RNA was harvested with a
Qiagen RNAEasy kit. An on-column DNA digestion was
completed per the manufacturer’s recommended protocol.

A sample of RNA was subjected to reverse transcription-
polymerase chain reaction (RT-PCR) as previously described
(24) except 5 units of AMV Reverse Transcriptase from Life
Sciences were used. Approximately 300 ng were reverse tran-
scribed, and 150 ng were subjected to PCR using a radioac-
tively labeled forward primer. RT-PCR products were
observed after 25-30 cycles of: 95° C. for 1 min; 55° C. for 1
min; 72° C. for 2 min and a final extension at 72° C. for 10
min. The products were separated on a denaturing 5% poly-
acrylamide gel and imaged using a Typhoon phosphorimager.
The length of the RT-PCR products was confirmed by com-
parison to a 5'-*?P end labeled 100 bp ladder. Differences in
alternative splicing were evaluated by a t-test.

The RT-PCR primers for the ¢TNT mini-gene were:
S'GTTCACAACCATCTAAAGCAAGATG (forward) and
S'GTTGCATGGCTGGTGCAGG (reverse). The RT-PCR
primers for the PLEKHH?2 mini-gene were: S'CGGGGTAC-
CAAATGCTGCAGTTGACTCTCC (forward) and
5S'CCGCTCGAGCCATTCATGAAGTGCACAGG (re-
verse).

Control experiments were also completed in which Hel.a
cells were transfected with a plasmid encoding a mini-gene
with five CTG repeats in the 3' UTR or with a mini-gene that
encodes a pre-mRNA whose splicing is not controlled by
MBNL1 (PLEKHH?2).(24)

Generation of C1-S and C5-14 Cell Lines to Assess
Improvement of Translational Defects.

The pLL.C14 gpab plasmid contains a CMV/chicken beta-
actin enhancer/promoter (a gift from Dr. J. Miyazaki) fol-
lowed by a floxed EGFP-Puromycin gene fusion with a triple-
stop SV40 transcription terminator followed by a firefly
luciferase gene with the human DMPK (hDMPK) 3' UTR.
This design allows for conditional expression of the firefly
transcript after Cre recombination by removal of the floxed
EGFP-Puromycin-SV40 triple-stop. The hDMPK 3' UTR
contains a modified restriction site for the inclusion of CTG
repeats. An uninterrupted CTG tract of ~500 repeats was
generated by rolling circle amplification (RCA) of the repeat
donor plasmid pDWD by Phi29 polymerase as previously
described, (32) and then ligated into the hDMPK 3' UTR of
the pLL.C14 gpab plasmid. The ligation was used directly for
transfection into C2C12 cells to prevent the inevitable CTG
repeat truncation that occurs in the bacterial cloning process.
(33)

C2C12 cells were co-transfected with ~100 ng pLL.C14
gpab (with or without 500 CTG repeats) and 5 pg of a
pPhiC31o (34) expressing PhiC31 integrase, which yields
efficient, site-specific, single copy integration of
pLLCl4gpab at its attB element. (35) Transfected cells were
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grown in DMEM (Gibco) supplemented with 10% FBS+1%
Penicillin/Streptomic+3 pg/ml puromycin for ~10 days to
select for clones with successful pLLC14gpab integration,
and colonies were picked and expanded. Clones were then
transfected with pHSVCre”” expressing Cre recombinase (a
gift from Dr. W. Bowers) for the removal of the EGFP-Puro-
mycin-SV40 triple stop, thus activating expression of the
firefly luciferase transgene. A Cre-recombined no-CTG clone
was identified by fluorescence-activated cell sorting (FACS)
by sorting for GFP negative cells. The Cre-recombined
(CTG)5q, clones were screened for CUG repeat RNA nuclear
foci by fluorescence in situ hybridization (FISH) as previ-
ously described (36), and foci-positive cells were cloned by
limiting dilution. The no-repeat, FACS sorted cells were des-
ignated C1-S and the CTG repeat-containing clone with
bright, consistent CUG RNA foci was designated C5-14. Cre
recombination for both cell lines was confirmed by PCR
across the floxed region of the integrated pL.LC,, gpab con-
struct, and both semi-quantitative RT-PCR and TagMan real-
time qRT-PCR analyses of the firefly luciferase transgene
indicated strong and comparable expression in both C1-S and
C5-14 cells. PCR analysis across the CTG repeat region of the
C5-14 clone revealed an expansion of the CTG tract to ~800
CTG repeats, which was stable over the course of several
passages.

Improvement of Translational Defects Using a Luciferase
Assay.

C2C12 cell lines expressing 800 (C5-14) or 0 (C1-S) CTG
repeats in the 3' UTR of luciferase were maintained as mono-
layers in growth medium (1xDMEM (Invitrogen) supple-
mented with 10% FBS (Invitrogen), 1x Glutamax (Invitro-
gen), and 1x Penicillin/Streptomycin (MP Biomedicals,
LLC)). The cells were plated in 96-well plates and allowed to
grow for 24 h. The compound of interest was then added in 50
uL, and the cells were treated for 24 h.

The growth medium containing the compound of interest
was removed and replaced with 100 ulL of medium and 10 pl,
of WST-1 reagent (Roche). After 30 min, 60 pL aliquots were
removed and placed into clear 96-well plates. The absorbance
of the medium was measured at 450 nm and 690 nm. The
corrected absorbance (Abs,5,-Absg,) was used to normalize
each well for cell count.

The remaining medium containing WST-1 reagent was
removed, and 20 pl, of 1x Passive Lysis Buffer (Promega)
was added to each well. The cells were placed at -20° C. for
15 min. After the buffer thawed, 100 plL of Luciferase Assay
Substrate (Promega) were added to each well. Luminescence
was immediately read on a SpectraMax M5 plate reader using
an integration time of 5000 ms. The luminescence signal was
normalized to the number of cells in the corresponding well
using the results of the WST-1/cell proliferation assay.

Disruption of Nuclear Foci Using Fluorescence In Situ
Hybridization (FISH).(20)

Hel a cells were grown as monolayers in Mat-Tek glass-
bottomed, 96-well plates. After the cells reached 90-95%
confluency, they were transfected with 200 ng of a plasmid
encoding a DM1 mini-gene (21) using Lipfoectamine 2000
per the manufacturer’s standard protocol. The transfection
cocktail was removed 5 h post-transfection, and the com-
pound of interest was added in growth medium. Growth
medium was added to untreated cells.

After 16-24 h, the cells were washed with 1xDPBS and
fixed with 4% paraformaldehyde in 1xDPBS for 10 min at
37° C. After washing with 1xDPBS, the cells were permeabi-
lized with 1xDPBS+0.1% Triton X-100 for 5 min at 37° C.
The cells were washed with 1xDPBS+0.1% Triton X-100
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three times and then with 30% formamide in 2xSSC Buffer
(30 mM sodium citrate, pH 7.0, 300 mM NacCl).

The cells were incubated in 1xFISH Buffer (30% forma-
mide, 2xSSC Buffer, 66 pg/ml. bulk yeast tRNA, 2 ng/ml
BSA, 2 mM vanadyl complex (New England Bio Labs)and 1
ng/ul.  DY547-2'0Me-(CAGCAGCAGCAGCAGCAGQ))
for 1.5 h at 37° C. They were then washed with 30% forma-
mide in 2xSSC for 30 min at 42° C., 1xSSC for 30 min at 37°
C., and 1xDPBS+0.1% Triton X-100 for 5 min at room tem-
perature. The cells were washed with 1xDPBS+0.1% Triton
X-100, and 100 pl of 1xDPBS were added to each well.
Untreated cells were stained with 1 pg mL~" DAPI for 5 min
at room temperature, and then washed with 1xDPBS+0.1%
Triton X-100. The cells were imaged using an Olympus Fluo-
View 1000 Confocal Microscope at 100x magnification.

ABBREVIATIONS

¢TNT, cardiac troponin T pre-mRNA; CUGBP1, CUG
binding protein 1; DM1, myotonic dystrophy type 1; DM2,
myotonic dystrophy type 2; DMPK, dystrophia myotonica
protein kinase; MBNL1, muscleblind-like 1 protein;
MBNIL2, muscleblind-like 2 protein; MBNL3, muscleblind-
like 3 protein; PLEKHH2, Pleckstrin-2; UTR, untranslated
region.
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TABLE 5

The binding affinities and potencies of
rationally designed, modularly assembled
small molecules targeting r(CUG)*?.
The data were previously reported. (13)

Compound K, (aM) ICso (nM)
MBNL1 250 —

H 150 110,000
2H-4 100 11,000
3H-4 65 410
4H-5 35 210
SH-4 13 77
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 19

<210> SEQ ID NO 1

<211> LENGTH: 46

<212> TYPE: RNA

<213> ORGANISM: artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: RNA sequence displaying internal loop motif

<400> SEQUENCE: 1

gggagagggu uuaaucugua cgaaaguacu gauuggaucc gcaagg

<210> SEQ ID NO 2

<211> LENGTH: 40

<212> TYPE: RNA

<213> ORGANISM: artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Cassette sequence

<400> SEQUENCE: 2

gggagagggu uuaauuacga aaguaauugyg auccgcaagg

<210> SEQ ID NO 3

<211> LENGTH: 18

<212> TYPE: RNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Stem sequence

<400> SEQUENCE: 3

gggagagggu uuaauuac

<210> SEQ ID NO 4

<211> LENGTH: 18

<212> TYPE: RNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Stem sequence

<400> SEQUENCE: 4

guaauuggau ccgcaagg

<210> SEQ ID NO 5

<211> LENGTH: 10

<212> TYPE: RNA

<213> ORGANISM: artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Hairpin loop sequence

<400> SEQUENCE: 5

cgcgaaageg

<210> SEQ ID NO 6

<211> LENGTH: 87

<212> TYPE: RNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: CUG repeat
<400> SEQUENCE: 6

cugcugcuge ugcugcugou gougcugeug cugcugeuge ugcugeugeu geugeugeug
cugcugcuge ugcugcugeu gcugaug

<210> SEQ ID NO 7
<211> LENGTH: 19

46

40

18

18

10

60

87
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<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Labeled probe

<400> SEQUENCE: 7

cagcagcage agcagcagce

<210> SEQ ID NO 8

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 8

tgaaggaata cctcacactc aagg

<210> SEQ ID NO 9

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 9

cacggaacac aaaggcactg

<210> SEQ ID NO 10

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 10

getcatggte ctcaagatct cac

<210> SEQ ID NO 11

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 11

gggtcagtge ctcagetttyg

<210> SEQ ID NO 12

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 12

gttcacaacc atctaaagca agatg

<210> SEQ ID NO 13

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 13
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gttgcatgge tggtgcagyg

<210> SEQ ID NO 14

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 14

cggggtacca aatgetgeag ttgactctece

<210> SEQ ID NO 15

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 15

ccgetegage cattcatgaa gtgcacagg

<210> SEQ ID NO 16

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 16

agctatttta ggcgcaggaa gt

<210> SEQ ID NO 17

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 17

ttttcatcca gcatcattte tg

<210> SEQ ID NO 18

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 18

cctggtgaag accatgatac g

<210> SEQ ID NO 19

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 19

ggcccagcaa ctttecac

19

30

29

22

22

21

18
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What is claimed is:
1. A compound having the formula:
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0
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wherein 1 is an integer from 2 to 9; j is an integer from 0-4; k
is an integer from 0-3; each Z' represents the same or different
linking moiety; each R' is the same or different and represents
an alkyl group or an aryl group; each Q! is the same or
different and is selected from aminoglycoside sugars and
bis-benzimidazoles; Q* is an unsubstituted or substituted
alkyl group; and Q> is H or a substituted carbonyl group.

2. A compound according to claim 1, wherein the com-
pound has the following structure:

NH,
OH,

OH
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113
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3. The compound according to claim 1, wherein Q has the

formula —C(O)—R* R*is
45
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4. A compound according to claim 3, wherein the com-
pound has the following structure:
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where FAM is a carboxyfluorescein. wherein 1 is an integer from 2 to 9; j is an integer from 0-4; k
5. A compound having the formula: is an integer from 0-3; each Z* represents the same or different
’ ’ linking moiety and has one of the following structure:
40
0 R! 0 R!
QA N N Q, CHy ¥ 7 SN—tCHy%
N N N /
| 1 | 1 | 1 N=N
i o 1t o bgl -
Q' Q' Q'

wherein i is an integer from 2 to 9; j is an integer from 0-4; k
is an integer from 0-3; each Z' represents the same or different

linking moiety; each R" is the same or different and represents 3 %CHZ ‘)y—N/E—ﬁCHz ‘)z_§ ;
an alkyl group or an aryl group; each Q' is the same or \

different and is selected from protein, polypeptides, carbohy- N=N
drates, non-nucleic acid biopolymers, peptoids, whole cells,
aminoglycoside sugars and bis-benzimidazoles; Q* is an

unsubstituted or substituted alkyl group; and Q> is H or a
substituted carbonyl group.

55

6. A compound having the formula:

. . each R’ is the same or different and represents an alkyl group
O Il{ O Il{ 0 or an aryl group; each Q! is the same or different and is

QR N N @, selectf:d from. protein, polypep}ides, carbohydrate;, non-
N N N nucleic acid biopolymers, peptoids, whole cells, aminogly-
| . | . | . coside sugars and bis-benzimidazoles; Q? is an unsubstituted
% 0 : |Z o % . or substituted alkyl group; and Q? is H or a substituted car-
Q! Q! Q! 65 bonyl group.



